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A T h e s i s 
s u b m i t t e d i n acco rdance w i t h the r e q u i r e m e n t s of 
The U n i v e r s i t y of D u r h a m 
f o r the degree of 
D o c t o r of P h i l o s o p h y 
by 
D e r e k Peacock 
J a n u a r y , 1970. D e p a r t m e n t of Bo tany 
S T U D I E S O N F O R M I C D E H Y D R O G E N A S E S O F L E G U M E S 
by D e r e k Peacock 
The D e p a r t r h e n t of B o t a n y , The U n i v e r s i t y of D u r h a m , South Road, 
D u r h a m C i t y . 
A scheme has been deve loped f o r the p u r i f i c a t i o n of f o r m i c 
dehydrogenase f r o m Phaseo lus aureus seeds. Us ing t h i s scheme 
50 m g . / k g . of f o r m i c dehydrogenase can be obta ined w i t h an e s t i m a t e d 
p u r i t y o f 55% and i n 9% y i e l d . The f i n a l p r o d u c t conta ins one m a j o r and 
t w o m i n o r i m p u r i t i e s . D e t a i l s a re g i v e n of the s t a b i l i t y of enzyme 
a c t i v i t y under v a r i o u s c o n d i t i o n s and of each step i n the p u r i f i c a t i o n 
s c h e m e . 
The s teady state k i n e t i c a n a l y s i s of f o r m i c dehydrogenase , us ing 
i n i t i a l v e l o c i t y , p r o d u c t i n h i b i t i o n , and dead end i n h i b i t i o n a n a l y s i s , 
i n d i c a t e an o r d e r e d B i B i s equen t i a l m e c h a n i s m w i t h the p robab le 
absence of a r a t e l i m i t i n g t e r n a r y c o m p l e x . The v a r i a t i o n of the 
k i n e t i c p a r a m e t e r s w i t h p H and t e m p e r a t u r e i s a l so r e p o r t e d . 
I n v e s t i g a t i o n s intn^,the changes w h i c h occu r i n the l e v e l s of bo th 
f o r m i c a c i d and f o r m i c dehydrogenase d u r i n g g e r m i n a t i o n of Phaseo lus 
au reus seeds, suggest tha t the m e t a b o l i c r o l e of f o r m i c dehydrogenase 
i s p r i m a r i l y the o x i d a t i o n of f o r m i c a c i d p r o d u c e d d u r i n g the f i r s t 
day of g e r m i n a t i o n . The a t t emp t s to m e a s u r e the e q u i l i b r i u m cons tant 
o f the r e a c t i o n , the e s t i m a t e d r a t e of the r e v e r s e r e a c t i o n , and the 
r e s u l t s o f i n v i v o e x p e r i m e n t s w i t h l a b e l l e d f o r m i c a c i d , a l l c o n f i r m 
tha t the e n z y m e i s u n l i k e l y to c a r r y out any i n c o r p o r a t i o n of c a r b o n 
d i o x i d e i n t o f o r m i c a c i d . 
C O N T E N T S 
I N T R O D U C T I O N 
M A T E R I A L S A N D M E T H O D S ° 
1 . B i o l o g i c a l m a t e r i a l s 
2 . C h e m i c a l s and reagen ts 
3. P r e p a r a t i o n of so lu t i ons 
4 . E s t i m a t i o n of enzyme a c t i v i t y 
(a) S p e c t r o p h o t o m e t r i c a l l y 
(b) R a d i o c h e m i c a l l y 
5. E s t i m a t i o n of p r o t e i n 
6. E x t r a c t i o n of f o r m i c dehydrogenase a c t i v i t y f r o m 
v a r i o u s m e m b e r s of the L e g u m i n o s a e 
7. F o r m i c dehydrogenase of Phaseo lus aureus 
(a) E s t i m a t i o n of enzyme s t a b i l i t y 
i ) PH 
i i ) Heat 
i i i ) D i a l y s i s 
i v ) M e t a l ions 
v ) L o w t e m p e r a t u r e s torage 
(b) P u r i f i c a t i o n 
i ) E x t r a c t i o n 
i i ) Sal t f r a c t i o n a t i o n 
i i i ) I on exchange c h r o m a t o g r a p h y 
i v ) H y d r o x y l apa t i te c h r o m a t o g r a p h y 
v ) A l i i m i n a g e l c h r o m a t o g r a p h y 
v i ) A c r y l a m i d e g e l e l e c t r o p h o r e s i s 
v i i ) Ge l F i l t r a t i o n 
v i i i ) P u r i f i c a t i o n scheme 























(c) K i n e t i c s 
( i ) P u r i f i c a t i o n of N A D 20 
( i i ) E s t i m a t i o n of i n i t i a l v e l o c i t y 20 
( i i i ) p H o p t i m u m 20 
( i v ) I n h i b i t o r s 20 
(v) S t a t i s t i c a l a n a l y s i s 21 
(v i ) V a r i a t i o n of the m a x i m u m v e l o c i t y 22 
w i t h t e m p e r a t u r e 
( v i i ) N o m e n c l a t u r e and d e r i v a t i o n of r a t e 
and k i n e t i c equat ions 22 
(d) M e t a b o l i c r o l e 
( i ) P r e p a r a t i o n of m i t o c h o n d r i a 23 
( i i ) E s t i m a t i o n of oxygen uptake 23 
( i i i ) G e r m i n a t i o n of Phaseolus aureus 23 
( i v ) E s t i m a t i o n of f o r m i c ac id 24 
(v) Sepa ra t ion of o rgan i c acids 24 
(v i ) Sepa ra t ion of a m i n o ac ids 24 
ri4 T 
( v i i ) I n v i v o i n c u b a t i o n w i t h [_ C j - F o r m a t e 24 
(e) M o l e c u l a r w e i g h t 25 
R E S U L T S 
1, F o r m i c dehydrogenase a c t i v i t y of e x t r a c t s of v a r i o u s 
m e m b e r s of the L e g u m i n o s a e 26 
2. F o r m i c dehydrogenase of Phaseo lus aureus 
(a) The s t a b i l i t y of enzyme a c t i v i t y 
( i ) p H 26 
( i i ) Hea t 27 
( i i i ) D i a l y s i s 27 
( i v ) M e t a l ions 32 
(v) L o w t e m p e r a t u r e s torage 33 
Page 
(b) P u r i f i c a t i o n 
( i ) E x t r a c t i o n 34 
( i i ) Salt f r a c t i o n a t i o n 37 
( i i i ) I o n exchange c h r o m a t o g r a p h y 38 
( i v ) H y d r o x y l apa t i t e c h r o m a t o g r a p h y 38 
(v) A l u m i n a g e l c h r o m a t o g l a p h y 39 
(v i ) G e l f i l t r a t i o n 39 
( v i i ) A c r y l a m i d e g e l e l e c t r o p h o r e s i s 39 
( v i i i ) P u r i f i c a t i o n scheme 41 
(c) K i n e t i c s 
( i ) The p H o p t i m i x m 42 
( i i ) I n h i b i t o r s 42 
( i i i ) I n i t i a l v e l o c i t y ana ly s i s 43 
( i v ) P r o d u c t i n h i b i t i o n 43 
(v) Dead end i n h i b i t i o n 44 
(v i ) The e f f e c t of i o n i c s t r e n g t h on the 
v e l o c i t y at l o w subs t ra te concen t r a t i ons 45 
( v i i ) V a r i a t i o n of the k i n e t i c p a r a m e t e r s 
w i t h p H 45 
( v i i i ) V a r i a t i o n of the m a x i m u m v e l o c i t y 
w i t h t e m p e r a t u r e 46 
( i x ) A t t e m p t s to m e a s u r e the e q u i l i b r i u m 
cons tan t 46 
(x) M e a s u r e m e n t of the r e v e r s e r e a c t i o n 47 
(d) M e t a b o l i c Role 
( i ) M i t o c h o n d r i a l content of f o r m i c 
dehydrogenase 48 
( i i ) Changes i n enzyme a c t i v i t y d u r i n g 
g e r m i n a t i o n 50 
(e) 
( i i i ) Changes i n f o r m i c a c i d content 
d u r i n g g e r m i n a t i o n 
( i v ) I n v i v o u t i l i s a t i o n of f o r m i c ac id 






B I B L I O G R A P H Y 
A C K N O W L E D G E M E N T S 
52 
86 
I N T R O D U C T I O N 
B i o l o g i c a l o x i d a t i o n s r e p r e s e n t one of the m o s t i m p o r t a n t g roups 
of e n z y m e c a t a l y s e d r e a c t i o n s . These ox ida t ions a r e c a r r i e d out by 
t h r e e bas ic c l a s ses of p r o t e i n s ; oxygenases and h y d r o x y l a s e s , 
d e h y d r o g e n a s e s , and h a e m o - p r o t e i n s . Dehydrogenases can be f u r t h e r 
s u b d i v i d e d in to p y r i d i n o p r o t e i n s , f l a v o p r o t e i n s and c u p r o p r o t e i n s . 
C u p r o p r o t e i n e n z y m e s , w h i c h have a r e l a t i v e l y h i g h o x i d a t i v e p o t e n t i a l , 
a r e c o n c e r n e d w i t h the d e h y d r o g e n a t i o n of subs t ra tes of s i m i l a r l y 
h i g h o x i d a t i v e p o t e n t i a l , u s ing oxygen as a c c e p t o r . These enzymes 
a r e t h e r e f o r e i d e a l l y su i t ed as the t e r m i n a l m e m b e r s of the r e s p i r a t o r y 
c h a i n . P y r i d i n o p r o t e i n s on the o ther hand have a l o w e r ox ida t i ve 
p o t e n t i a l and ca t a lyse the t r a n s f e r of t w o r e d u c i n g equ iva len t s f r o m 
s u b s t r a t e s of l o w o x i d a t i v e p o t e n t i a l to c o e n z y m e s , the coenzymes • 
b e i n g r e a d i l y d i s s o c i a b l e . P y r i d i n o p r o t e i n s a re i d e a l l y des igned 
t h e r e f o r e f o r the i n i t i a l d e h y d r o g e n a t i o n of m o s t s u b s t r a t e s . The 
c o e n z y m e s used by p y r i d i n o p r o t e i n s a r e e i t h e r N A D * o r N A D P , 
and the r educed coenzyme i s able to shu t t le f r e e l y to a second si te 
w h e r e i t can e i t h e r be u t i l i s e d to reduce a second subs t ra te v i a a 
l i n k e d r e a c t i o n , p r o v i d e r e d u c i n g equ iva l en t s f o r b io syn the t i c sequences, 
o r be r e o x i d i z e d by the r e s p i r a t o r y c h a i n accompan ied by the c o n v e r s i o n 
of A D P to A T P . F l a v o p r o t e i n s occupy an i n t e r m e d i a t e p o s i t i o n 
b e t w e e n p y r i d i n o - p r o t e i n s and f l a v o p r o t e i n s , being able to u t i l i z e 
s u b s t r a t e s w i t h bo th h i g h and low o x i d a t i v e p o t e n t i a l s . 
I n v e s t i g a t i o n s i n t o the m e c h a n i s m of enzyme r e a c t i o n s i n v o l v i n g 
p y r i d i n e n u c l e o t i d e s , have been i n p r o g r e s s f o r a n u m b e r of y e a r s . 
A r e c e n t sympos i iom (1965), d e m o n s t r a t e s the intense i n t e r e s t shown 
*The a b b r e v i a t i o n s and conven t ions used t h roughou t t h i s thes i s a re those 
r e c o m m e n d e d to c o n t r i b u t o r s to "The B i o c h e m i c a l J o u r n a l " . 
( B i o c h e m . J . , 66, 8) 
i n these p r o t e i n s and of the v a r i e t y of t echn iques be ing used to s tudy 
t h e i r m e c h a n i s m of a c t i o n . T h e r e a re f o u r bas ic steps w h i c h have 
to be a c c o m p l i s h e d b e f o r e any enzyme m e c h a n i s m can be f u l l y 
u n d e r s t o o d . I t i s n e c e s s a r y to know, ( i ) the pa thway of the r e a c t i o n ; 
( i i ) the a m i n o ac ids i n v o l v e d i n subs t r a t e b i n d i n g , and i n b o n d - m a k i n g 
. and b o n d - b r e a k i n g s teps; ( i i i ) the t h r e e d i m e n s i o n a l a r r a n g e m e n t s 
of the a m i n o ac ids i n v o l v e d i n the r e a c t i o n ; ( i v ) the s p e c i f i c r o l e s of 
the v a r i o u s g r o u p s i n v o l v e d i n the r e a c t i o n . When a l l of these a re 
k n o w n i t should be p o s s i b l e to e x p l a i n the r e a c t i o n v e l o c i t y w i t h i n 
an o r d e r of m a g n i t u d e , a l though t h i s has y e t to be ach ieved f o r any 
e n z y m e . K i n e t i c a n a l y s i s has been used e x t e n s i v e l y i n s tudying 
e n z y m e m e c h a n i s m s and the pa thway of a n u m b e r of dehydrogenase 
r e a c t i o n s has been d e t e r m i n e d by t h i s m e t h o d ; f o r a l c o h o l 
dehydrogenase by Sund and T h e o r e l l (1963), D a l z i e l (1963), W r a t t e n 
and C l e l a n d (1963), T h e o r e l l and Chance (1951), B o y e r and 
S i l v e r s t e i n (1963) , B o y e r (1959), Wong and Hanes (1964), Yone tan i 
and T h e o r e l l (1964) , Snyder , et a l . (1965), A n d e r s o n , et a]_. 
(1965) and V a n E y s (1961); f o r l ac ta te dehydrogenase by Schwer t and 
W i n d e r (1963), S i l v e r s t e i n and B o y e r (1964), Zewe and F r o m m (1965 and 
1962), T h o m p s o n et a l . (1964); f o r m a l a t e dehydrogenase by R a v a l 
and W o l f e (1962 & 1963); f o r N A D : i s o c i t r a t e dehydrogenase by Sanwal 
and Stachow (1965) , A t k i n s o n et a l . (1965); f o r g l y c e r a l d e h y d e - 3 -
phosphate dehydrogenase by F u r f i n e and V e l i c k (1964, V e l i c k and 
F u r f i n e (1963), H a r t i n g and V e l i c k (1954), Toews (1967), Kosh l and 
e;^aL (1968), B o l o t i n a e ^ a L (1967), De V i j l d e r and S la te r (1967); 
f o r g l u t a m a t e dehydrogenase by F r i e d e n (1959), F a h i e n et a L (1965), 
G o r m a n e t_a l . (1967) . 
I n a d d i t i o n to k i n e t i c s t h e r e a r e a n u m b e r of phys i co -rcl ieJnical 
me thods capable of d e t e c t i n g enzyme r e a c t i o n i n t e r m e d i a t e s . O p t i c a l 
natatory d i s p e r s i o n has been used to de tec t dehydrogenase c o m p l e x e s 
l i y R o s e n b e r g , _et a l . (1964 & 1965), F u r f i n e (1965), M a g a r (1965), 
J j i s t o w s k y et_aL (1965) . Other t echniques w h i c h have found s i m i l a r 
a p p l i c a t i o n s f o r dehydrogenases inc lude f l u o r e s c e n c e used by M c K i n l e y -
M c K e e (1963), S c h w e r t and W i n e r (1963), W i n e r (1964), A n d e r s o n , 
I hnen and V e s t l i n g (1964) , C a s s m a n E n g l a r d (1964), C z e r l i n s k i and 
S c h r e c k (1964), V e l i c k (1958); double d i f f e r e n c e spec t ro scopy , 
T h e o r e l l and Y o n e t a n i (1964), F r i e d r i c h (1965), F i s h e r C r o s s (1965); 
a:id X - r a y d i f f r a c t i o n used by B r a n d e r et a l . (1965). 
The d e t e c t i o n o f the a m i n o ac ids i n v o l v e d i n the r e a c t i o n s of 
dehydrogenase e n z y m e s has l a r g e l y been a c c o m p l i s h e d by the use of 
s p e c i f i c l a b e l l i n g t echn iques ; L i and D r u m (1964), Sche l l enberg (1965), 
F o n d y and E v e r s e (1964); H a r i s (1964), O l s o n and P a r k (1964), Ma t thew 
and P a r k (1965) , M a t h e w et a l . (1965) , Whi tehead and R a b i n (1964), 
R a b i n et al. (1964), A n d e r s o n and A n d e r s o n (1964), A n d e r s o n and 
R e y n o l d s (1965); H a r r i s and P o l g a r (1965), L i and V a l l e e (1964). 
The d e t e r m i n a t i o n of the t h r e e d i m e n s i o n a l a r r a n g e m e n t of 
the a m i n o ac ids i n v o l v e d i n dehydrogenase r eac t ions w i l l undoubtedly 
be a c c o m p l i s h e d by X - r a y c r y s t a l l o g r a p h y . A s t a r t i n the use of 
t h i s t echnique has a l r e a d y been made i n s e v e r a l cases , Watson , Banaszak 
(1964) , R o s s m a n et a l . (1967) , Zeppezauer et a l . (1967), and 
B a n a s z a k (1966) . 
I n e v e r y ins tance so f a r c i t e d the source of the enzyme has 
been a m a m m a l o r a m i c r o - o r g a n i s m . No s i m i l a r s tudies have ye t 
been r e p o r t e d f o r a h i g h e r p l a n t dehydrogenase . The p r e s e n t w o r k 
was des igned to g a i n p r e l i m i n a r y i n f o r m a t i o n on a h i g h e r p l an t 
dehydrogenase of a c o m p a r a b l e na tu re to tha t obta ined f r o m m a m m a l i a n 
and m i c r o b i o l o g i c a l s o u r c e s . 
Since no p l a n t dehydrogenase has y e t been obta ined i n a pu re 
f o r m , and as m o s t of the techniques used i n s tudying enzyme m e c h a n i s m s 
r e q u i r e pu re e n z y m e s , the i n i t i a l s ec t i on of the p re sen t w o r k was 
d i r e c t e d t o w a r d s t h i s end . The enzyme chosen f o r p u r i f i c a t i o n and 
s tudy was f o r m a t e : N A D ox ido reduc t a se ( abb rev i a t ed to f o r m i c 
d e h y d r o g e n a s e , F D H ) enzyme N o . 1 . 2 . 1 . 2 . 
F D H , h o w e v e r , i s not r e s t r i c t e d to the p l an t k i n g d o m and i t s 
p r e s e n c e has been r e p o r t e d i n b a c t e r i a by M a l a v o l t a et a l . (1962), 
S t i c k l a n d (1929) , T a k a m i y a (1953), Yamada & A s a n o (1954), Sasakawa, 
K i m u r a (1954), L i c h s t e i n and B o y d (1953), Gale (1939), Woods (1936); 
i n p r o t o z o a by L i n d b l o m ( I 9 6 l ) , N e r m u t and Rye (1964); i n insec t s by 
A g a r w a l et a L (1963); and i n m a m m a l s by V e n k a t a r a m a n and 
S r e e n i v a s a n (1966) , E l l i o t t (1941), M a t h e w s and Vennes land (1950). 
T w o s u r v e y s on F D H w i t h i n the p l an t k i n g d o m have been conducted , 
one by D a v i s o n (1949a) , the o ther by T h u r m a n et a L (1967) . The 
f i r s t s u r v e y e x a m i n e d the seeds of n i n e t y - t h r e e species , i n t h i r t y -
n ine f a m i l i e s d i s t r i b u t e d among t w e n t y - f i v e o r d e r s i n bo th g y m n o s p e r m s 
and a n g i o s p e r m s , F D H was de tec ted i n f i f t y - f o u r spec ies . Seeds of 
m e m b e r s of the L e g u m i n o s a e w e r e p a r t i c u l a r l y r i c h i n t h i s enzyme , 
a l l t w e n t y - e i g h t species e x a m i n e d showed the same a c t i v i t y . 
The second s u r v e y was r e s t r i c t e d to the Favaceae (Leguminosae ) and 
o f the one h u n d r e d and t h r e e species se lec ted f r o m seventeen t r i b e s 
o n l y one l a c k e d de tec tab le F D H a c t i v i t y . 
F o r m i c dehydrogenase was f i r s t d i s c o v e r e d i n p lan t s by 
T h u n b e r g (1921 , 1936), u s ing Phaseo lus v u l g a r i s seeds. The coenzyme 
r e q u i r e m e n t s of the enzyme was f i r s t r e p o r t e d i n peas, by F o d o r and 
F r a n k e n t h a l (1930), and i d e n t i f i e d as coenzyme I , ( N A D ) , by A n d e r s o n 
(1934) and L i c h t e n s t e i n (1936) . The s t r o n g i n h i b i t i o n of enzyme 
a c t i v i t y by cyan ide was f i r s t r e p o r t e d by A l d e r and Sreen ivasaya (1937), 
w h o used the pea e n z y m e . T h i s i n h i b i t i o n was l a t e r c o n f i r m e d by 
b o t h D a v i s o n (1951) and Nason and L i t t l e (1955), who a l so r e p o r t e d 
the e f f e c t i v e n e s s of o the r m e t a l c o m p l e x i n g and -SH s p e c i f i c c h e m i c a l s 
i n caus ing i n h i b i t i o n . ( D a v i s o n , i n 1949, d e m o n s t r a t e d tha t the 
d r y pea seed con t a ined the g r e a t e s t amoun t s of the e n z y m e , and tha t 
d u r i n g g e r m i n a t i o n and g r o w t h these l e v e l s became g r e a t l y r educed , 
and on ly i n c r e a s e d d u r i n g the d e v e l o p m e n t of the new seeds i n the pod) . 
S e v e r a l p r o c e d u r e s f o r the p a r t i a l p u r i f i c a t i o n of F D H have.been 
p u b l i s h e d . A l d e r and Sreen ivasaya (1937), Ma thews and Vennes land (1950), 
D a v i s o n (1951) and Nason and L i t t l e (1955) . The m o s t ex tens ive 
p r o c e d u r e i s the m o s t r e c e n t (Nason and L i t t l e , 1955), and i n v o l v e s 
f r a c t i o n a t i o n of the p r e p a r a t i o n w i t h a m m o n i u m sulphate , c a l c i u m 
phosphate and a l u m i n a g e l . The p r e s e n t w o r k extends t h i s p u r i f i c a t i o n 
scheme and uses h y d r o x y l apa t i t e co lx imn c h r o m a t o g r a p h y . L e v i n (1962), 
i n p l ace of c a l c i u m phosphate f r a c t i o n a t i o n , i o n exchange c h r o m a t o g r a p h y , 
P e t e r s o n and Sober (1962), and g e l f i l t r a t i o n . Lathe and Ru thven (1956) 
and P o r a t h and F l o d i n (1959) . 
L i t t l e i s k n o w n of the m e c h a n i s m of a c t i o n of the p l an t e n z y m e , 
a l t h o u g h i t i s k n o w n to d i f f e r f r o m bo th the b a c t e r i a l and m a m m a l i a n 
e n z y m e s . The b a c t e r i a l enzyme does not r e q u i r e a coenzyme 
(Ga le , 1939), (an e x c e p t i o n be ing C l o s t r i d i u m t h e r m o a c e t i c u m w h i c h 
has been shown to r e q u i r e N A D P , L a n - F u n et a l . (1966)) the a n i m a l 
e n z y m e w h i c h a l so does not r e q u i r e a coenzyme is a c t i v a t e d by A T P , 
M a t h e w s and Vennes l and (1950) . A d e u t e r i u m isotope e f f e c t has 
been r e p o r t e d f o r the enzyme f r o m Phaseo lus m u l t i f l o r u s , A e b i (1956) . 
94% r e p l a c e m e n t of the c a r b o n bound h y d r o g e n a t o m caused a r e d u c t i o n 
i n the v e l o c i t y of one h a l f to one t h i r d , and an i n c r e a s e i n bo th 
the M i c h a e l i s cons tan t f r o m 2 .7 m M to 3. 1 m M , and the a c t i v a t i o n 
e n e r g y f r o m 1 1 , 900 to 14, 900 c a l . / m o l e . A p a r t f r o m t h i s d e u t e r i u m 
i so tope e f f e c t , the M i c h a e l i s cons tan ts f o r f o r m a t e , and the e f f e c t 
of v a r i o u s i n h i b i t o r s no m o r e i n f o r m a t i o n i s k n o w n about the m e c h a n i s m 
of a c t i o n of F D H f r o m any s o u r c e . 
The m e c h a n i s m of F D H us ing steady state k i n e t i c s was 
i n v e s t i g a t e d i n o r d e r to d e t e r m i n e the k i n e t i c m e c h a n i s m of a c t i o n , 
and or ig ina l ly r i twas hoped to use s p e c i f i c l a b e l l i n g techniques to 
d e t e r m i n e some of the a m i n o ac ids i n v o l v e d i n the r e a c t i o n . P r e s e n t 
u n d e r s t a n d i n g of s teady state k i n e t i c s a l l o w s the d e t e r m i n a t i o n of (a) 
the o r d e r i n w h i c h subs t r a t e s and p r o d u c t s a re bound and r e l ea sed ; 
(b) the c o m p o s i t i o n of c o m p l e x e s be tween the enzyme and r e a c t a n t s , 
t o g e t h e r w i t h p e r m i s s i b l e i n t e r c o n v e r s i o n s ; (c) the d e t e c t i o n 
of i s o m e r i z a t i o n of s table enzyme f o r m s , and i n some cases , 
i s o m e r i z a t i o n of n o n - c e n t r a l t r a n s i t o r y c o m p l e x e s . T h e r e are f o u r 
m a i n p r o c e d u r e s w i t h w h i c h t h i s can be a c h i e v e d . The f i r s t i s the 
i n t e r p r e t a t i o n of the i n i t i a l v e l o c i t y p a t t e r n s , C le land (1963c), w h i c h 
enab les the d i s t i n c t i o n be tween sequen t i a l m e c h a n i s m s ( m e c h a n i s m s w h e r e 
a l l s ubs t r a t e s b i n d to the enzyme b e f o r e any p r o d u c t s a r e r e l eased) 
and P i n g - p o n g m e c h a n i s m s . The second m e t h o d i n v o l v e s the t e s t i n g 
of n u m e r i c a l c o n s i s t e n c y w i t h s p e c i a l r e l a t i o n s h i p s w h i c h a re k n o w n 
to e x i s t f o r c e r t a i n m e c h a n i s m s , A l b e r t y (1953), D a l z i e l (1957), 
C l e l a n d (1963a) . The t h i r d , p r o d u c t i n h i b i t i o n , i s able to d i s t i n g u i s h 
b e t w e e n any m e c h a n i s m w i t h a d i f f e r e n t o v e r a l l r a te equa t ion , 
A l b e r t y (1958), R a i n e r (1959) and C le l and (1963b), F r o m m and 
N e l s o n (1962) . The l a s t t echn ique , i so tope exchange, can p r o v i d e 
a u s e f u l check on the m e c h a n i s m p r o p o s e d by the f i r s t t h r e e . 
T h i s t echn ique i n v o l v e s m e a s u r e m e n t s on the ra te of i so tope exchange 
at e q u i l i b r i u m , B o y e r (1959), A l b e r t y , _et a L (1962) and B o y e r and 
S i l v e r s t e i n (1963) . 
One of the m o s t s u c c e s s f u l t echn iques f o r i d e n t i f y i n g the a m i n o 
a c i d s i n the r e g i o n of the ac t i ve c e n t r e of SH dehydrogenases has 
ri4 -| 
p r o v e d to be the use of L C - iodoace ta te as a l a b e l f o r the ac t ive 
s i t e , H a r r i s e t_aL (1963), P e r h a m and H a r r i s (1963), H a r r i s (1964), 
F o n d y and E v e r s e (1964), G o l d and Segal (1965), H o l b r o o k e± a L (1966), 
H o l b r o o k et_aL (1967), L i and V a l l e e (1964) and H a r r i s (1967) . A s 
F D H i s k n o w n to be s ens i t i ve to SH s p e c i f i c r eagen t s , D a v i s o n (1951), 
N a s o n and L i t t l e (1955), i t was p lanned to use t h i s technique i f i t 
p r o v e d p o s s i b l e to i s o l a t e and c o m p l e t e l y p u r i f y f o r m i c . .dehydrogenase . 
The m e t a b o l i c r o l e of F D H i n the g e r m i n a t i n g seed l ing has only 
p r e v i o u s l y been i n v e s t i g a t e d by D a v i s o n (1949b) . I n v i e w of the g r e a t e r 
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u n d e r s t a n d i n g of the b i o c h e m i c a l pa thways i n v o l v e d i n l i v i n g p r o c e s s e s , 
and a l s o of the b i o c h e m i c a l changes i n v o l v e d ' i n g e r m i n a t i o n , s ince 
t ha t t i m e , i t was f e l t tha t t h i s sub jec t c o u l d b e n e f i t f r o m a r e - e x a m i n a t i o n . 
I t w a s , t h e r e f o r e , p r o p o s e d to examine the changes i n bo th the 
l e v e l s of f o r m i c a c i d and F D H w i t h i n v a r i o u s t i s sues of the g e r m i n a t i n g 
s e e d l i n g , and to a t t e m p t to c o r r e l a t e thesie f i n d i n g s w i t h m e t a b o l i c 
changes k n o w n to be o c c u r i r i n g w i t h i n the s e e d l i n g . I t was a l so p roposed 
to e x a m i n e the f a t e of f o r m i c a c i d d u r i n g the i n i t i a l p e r i o d of g e r m i n a t i o n . 
M A T E R I A L S A N D M E T H O D S 
1. B i o l o g i c a l m a t e r i a l s . 
The seeds w e r e obta ined f r o m the f o l l o w i n g s u p p l i e r s : 
A r a c h i s hypogea , f r o m the 'Honey P o t ' , D u r h a m C i t y . 
C a n a v a l i a e n s i f o r m i s , f r o m B r i t i s h D r u g Houses (BDH) L t d . , P o o l e , 
D o r s e t . 
L a t h y r u s o r d o r a t u s , Phaseo lus v u l g a r i s c v . The P r i n c e , P i s u m s a t i v u m c v . 
The P i l o t , V i c i a f a b a c v . C laud ia A q u a d u l c e , T r i f o l i u m a lba , f r o m 
C a r t e r s T e s t e d Seeds L t d . , N o r w i c h . 
P h a s e o l u s cocc ineus c v . S t r e a m l i n e , Toogoods Seeds L t d . , Southampton . 
Phaseo lus a u r e u s , f r o m A n g l o - C o n t i n e n t a l Suppl ies L t d . , G r o v e S t ree t , 
N e w c a s t l e . 
2 . C h e m i c a l s and r e a g e n t s . 
W i t h the excep t ions l i s t e d b e l o w , c h e m i c a l s w e r e obta ined 
f r o m B r i t i s h D r u g Houses L t d . , P o o l e , D o r s e t , and w e r e of a n a l y t i c a l 
r e a g e n t g r a d e w h e n a v a i l a b l e . 
A l d o l a s e 
A l i a m i n a g e l C)i 
B o v i n e s e r u m a l b u m i n ( f r a c t i o n V ) 
p - C h l o r o m e r c u r i b e n z o a t e 
D i g i t o n i n 
y G l o b u l i n (grade I I I ) 
H y d r o x y l a m i n e h y d r o c h l o r i d e (grade I ) 
M T T t e t r a z o l i u m 
N A D (grade I I I ) 
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N A D H (grade I I I i n p r e w e i g h e d v i a l s ) 
w e r e ob t a ined f r o m S i g m a C h e m i c a l Co . L t d . , L o n d o n . 
A D P 
N - m e t h y l p h e n a z o n i u m me thosu lpha t e 
w e r e ob ta ined f r o m K o c h - L i g h t L a b o r a t o r i e s L t d . , C o l n b r o o k . 
Sephadex G-200 
was ob t a ined f r o m P h a r m a c i a L t d . , Uppsa la , Sweden. 
C h r o m o t r o p i c a c i d was ob ta ined f r o m E A S T M A N C h e m i c a l s L t d . 
D E A E - c e l l u l o s e (DE52) 
was ob t a ined f r o m W h a t m a n L t d . 
s o d i u m b i c a r b o n a t e 
[14 1 CJ s o d i u m f o r m a t e 
w e r e ob ta ined f r o m the R a d i o c h e m i c a l C e n t r e , A m e r s h a m . 
H y d r o x y l apa t i t e ( B i o g e l H T ) 
B i o g e l P - 1 5 0 
B i o g e l P - 3 0 0 
w e r e ob ta ined f r o m B I O - R A D L a b o r a t o r i e s L t d . , L o n d o n . 
11 
3. P r e p a r a t i o n of Solu t ions 
A s s a y m e d i u m f o r f o r m i c dehydrogenase (A) 
N A D ( 2 ^ M / m l . ) 0 .2 m l . 
A m m o n i u m f o r m a t e ( 2 M ) 0 . 2 m l . 
Phosphate b u f f e r ( 0 . 5 M , p H 6 . 5 ) 1.6 m l . 
E n z y m e ( d i l u t e d w i t h w a t e r ) 1.0 m l . 
A s s a y m e d i u m f o r the r a d i o c h e m i c a l e s t i m a t i o n of F D H (B) 
*30 m M N a H C O i n 0. 2 M phosphate b u f f e r 
p H 8.0 2 .0 m l . 
N A D H 0 .8 m g . 
[^ c^] - N a H C O ^ (52 m C i / m M ) 0. 1 m l . (100 |i C i ) 
E n z y m e 1. 0 m l . 
A s s a y m e d i u m f o r the r a d i o c h e m i c a l e s t i m a t i o n of F D H (C) 
0 . 2 M phosphate b \ i f f e r s a t u r a t e d w i t h 
CO^ (20 m M ) p H 6. 3) 2 .0 m l . 
N A D H 0 .8 m g . 
f ^c] - N a H C O ^ (52 m C i / m M ) 0. 1 m l . ( 1 0 0 ^ C i ) 
E n z y m e 1. 0 m l . 
S c i n t i l l a t i o n f l u i d (D) 
Naphtha lene 100 g . / I t . 
P . P . O . 100 g . / I t . 
D ioxane m a k e up to 1 I t . 
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4 . E s t i m a t i o n of enzyme a c t i v i t y . 
(a) S p e c t r o p h o t o m e t r i c a l l y . 
The a c t i v i t y of f o r m i c dehydrogenase was d e t e r m i n e d by 
f o l l o w i n g the r a t e of N A D H p r o d u c t i o n s p e c t r o p h o t o m e t r i c a l l y as obse rved 
by the i n c r e a s e i n o p t i c a l d e n s i t y of 340nH?,Nason and L i t t l e (1955). 
The s o l u t i o n s (see s o l u t i o n A ) , w e r e kep t at 2 5 ° C , and the r e a c t i o n 
s t a r t e d b y the a d d i t i o n of the e n z y m e . The i n c r e a s e i n o p t i c a l dens i t y 
was r e c o r d e d c o n t i n u o u s l y on a V i t a t r o n c h a r t r e c o r d e r , f r o m a SP800 
s p e c t r o p h o t o m e t e r w i t h the f u l l scale d e f l e c t i o n set at 0. 1 o p t i c a l d e n s i t y 
u n i t s . The i n i t i a l l i n e a r p o r t i o n of the t r a c e was used to d e t e r m i n e the 
i n i t i a l v e l o c i t y . A change of 0 . 0 0 1 o p t i c a l d e n s i t y u n i t s / m i n . was 
d e f i n e d as one u n i t of enzyme a c t i v i t y . The r e a c t i o n v e l o c i t y was found 
to be p r o p o r t i o n a l t o the enzyme c o n c e n t r a t i o n up to 300 enzyme u n i t s , 
F i g . 1 . 
A u n i t of s p e c i f i c a c t i v i t y ( a b b r e v i a t e d SA) was d e f i n e d as one 
e n z y m e u n i t / m g . of p r o t e i n . 
The a c t i v i t y of a l c o h o l dehydrogenase (ADH) and m a l a t e 
dehydrogenase ( M D H ) , was d e t e r m i n e d i n a s i m i l a r m a n n e r us ing the 
c o n d i t i o n s d e s c r i b e d by T h e o r e l l and B o n n i c h s e n (1951) and L o w r y (1957) 
r e s p e c t i v e l y . 
(b) R a d i o c h e m i c a l l y . 
The r a d i o c h e m i c a l e s t i m a t i o n o f F D H a c t i v i t y was based 
upon the m e a s u r e m e n t of the i n c r e a s e of l a b e l l e d f o r m a t e a f t e r p r i o r 
s e p a r a t i o n of b i c a r b o n a t e , u s i n g c o n c e n t r a t e d H C l , f o l l o w e d by f l u s h i n g w i t h 
a i r . 
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The r e a c t i o n media^ (B and C) w e r e a d j u s t e d to 2 0 ° C and 
the r e a c t i o n c o m m e n c e d by the a d d i t i o n of the e n z y m e . A t t i m e d i n t e r v a l s 
0 . 4 m l . of the m i x t u r e was r e m o v e d and 50 yh of concen t r a t ed H C l added. 
T h i s s topped the r e a c t i o n and c o n v e r t e d a l l the b i ca rbona te to c a r b o n 
d i o x i d e , w h i c h was t hen f l u s h e d out by pas s ing a s t r e a m of a i r t h r o u g h 
the s o l u t i o n . T h i s d i s p l a c e d the l a b e l l e d c a r b o n d iox ide l e f t i n s o l u t i o n 
b y u n l a b e l l e d c a r b o n d i o x i d e f r o m the a i r s t r e a m . F o r m a t e was 
u n a f f e c t e d by the t r e a t m e n t , as i s shown i n Tab le 1. 
A f t e r f l u s h i n g the s o l u t i o n w i t h a i r f o r two m i n u t e s 0. 2 m l . 
was added to 10 m l . of naphthalene based s c i n t i l l a t i o n f l u i d ( s o l u t i o n D) 
and coun ted i n a B e c k m a n L S - 2 0 0 B s c i n t i l l a t i o n c o u n t e r . No c o r r e c t i o n 
was m a d e f o r q u e n c h i n g . 
T a b l e 1 . The e f f e c t of cone . H C l f o l l o w e d by f l u s h i n g w i t h 
a i r upon a s o l u t i o n of l a b e l l e d H C O O H and H C O ^ 
S o l u t i o n T r e a t m e n t T o t a l c p m . 
H C O ' + r e a c t i o n m e d i v i m p H = 8 .0 none 16,900 + 5% 
50 | i L c o n e . H C l 2040 + 5% 
50 | i L cone . H C l + 34 + 20% 
f l u s h e d w i t h a i r 
H C O O H + r e a c t i o n m e d i u m p H = 8 .0 none l6, 800 + 5% 
50 p L c o n e . H C l 17,400 + 5% 
50 jiL. c o n c . H C l + 
f l u s h e d w i t h a i r 17, 200 + 5% 
5. E s t i m a t i o n of p r o t e i n s . 
P r o t e i n c o n c e n t r a t i o n s w e r e assayed by the m e t h o d of L o w r y e t a l . 
(1951) , w h i c h i s based on.the m e a s u r e m e n t of the o p t i c a l d e n s i t y at 280 mji. 
.40 













R e l a t i v e enzyme cone. 
j ? ig . 1 . The dependence o f the r e a c t i o n r a t e on the cone, 
of f o r m i c dehydrogenase. 
6.0 
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6. E x t r a c t i o n of f o r m i c dehydrogenase a c t i v i t y f r o m v a r i o u s m e m b e r s 
of the L e g u m i n o s a e 
The d r y seeds w e r e soaked i n r u n n i n g tap w a t e r f o r t w o days 
arid t h e n b lended w i t h 5 v o l . of 0. 5 M phosphate b u f f e r ad ju s t ed to p H 6. 5, 
i n an M . S . E . o v e r h e a d h o m o g e n i s e r f o r t w o m i n u t e s . The homogenate was 
a l l o w e d to s o l u b i l i s e f o r ZO m i n . b e f o r e squeezing t h r o u g h one l a y e r of 
f i n e t e r y l e n e m e s h and c e n t r i f u g i n g f o r 10 m i n . at 4000 x g . 
7 . F o r m i c dehydrogenase of Phaseo lus aureus 
(a) E s t i m a t i o n of enzyme s t a b i l i t y . 
( i ) p H 
A l i q u o t s of f r a c t i o n I I I , (Tab le 20), w e r e ad ju s t ed to 
v a r i o u s p H va lues and incuba ted at 2 5 ° C . A f t e r 30 m i n . the p H was 
r e - a d j u s t e d to 6 .5 and the a c t i v i t y r e m a i n i n g was e s t i m a t e d . 
( i i ) H e a t . 
1 m l . a l i q u o t s of f r a c t i o n I I I (Table 20), i n t h i n w a l l e d 
g l a s s tubes , w e r e p l a c e d i n a w a t e r ba th at 6 5 ° C . The t e m p e r a t u r e of 
the e n z y m e was r e c o r d e d at t i m e d i n t e r v a l s w h e n a 50 |iL s ample was 
w i t h d r a w n and i m m e d i a t e l y m i x e d w i t h 2 . 95 m l . of assay m e d i u m at 2 0 ° C 
( m e t h o d 4 (a) ) . The a c t i v i t y r e m a i n i n g was t hen m e a s u r e d . T h i s p r o c e d u r e 
was r e p e a t e d on f r a c t i o n I I I w i t h the a d d i t i o n of 1 m M N A D . 
( i i i ) D i a l y s i s . 
The e f f e c t o f the l eng th of soak ing of t^he beans b e f o r e 
e x t r a c t i o n , the s a l t used i n e x t r a c t i o n , the i o n i c s t r e n g t h of the sa l t 
u sed i n e x t r a c t i o n , the p H of the sa l t used i n e x t r a c t i o n , the p H of the 
d i a l y s i s m e d i u m , the s a l t used i n the d i a l y s i s m e d i u m , upon the a c t i v i t y a f t e r 
d i a l y s i s was t e s t ed i n the f o l l o w i n g w a y : 
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10 g m . o f beans w e r e e x t r a c t e d as i n m e t h o d 6. and d i a l y s e d 
aga in s t 10 1. of 0 . 0 0 5 M p o t a s s i u m phosphate b \ i f f e r a t p H = 6 . 5 . 
T h i s m e t h o d was r epea t ed changing the c o n d i t i o n s o f one o f the v a r i a b l e s 
l i s t e d at a t i m e keep ing a l l the o the r v a r i a b l e s cons tan t . The a c t i v i t y of 
the e n z y m e was m e a s u r e d b e f o r e and a f t e r d i a l y s i s . 
( i v ) M e t a l i o n s . 
1 m l . of f r a c t i o n I I I (Tab le 20),-was incuba ted w i t h 1 m l . of a 
m e t a l i o n a d j u s t e d t o p H = 6 . 5 , f o r 10 m i n . at 2 5 ° C . 100 jiL, samples 
was t a k e n a f t e r i n c u b a t i o n and assayed to d e t e r m i n e the amount of a c t i v i t y 
r e m a i n i n g . 
(v) L o w t e m p e r a t u r e s t o r a g e . 
10 m l . a l i q u o t s of f r a c t i o n I I I (Tab le 20), w e r e sub jec ted to 
v a r i o u s f o r m s of l o w t e m p , s to rage and the amoun t of a c t i v i t y r e m a i n i n g 
d e t e r m i n e d . 
(b) P u r i f i c a t i o n . 
( i ) E x t r a c t i o n . 
10 g m . s ample s o f beans w e r e e x t r a c t e d u s i n g m e t h o d 6 
excep t t ha t one of the f o l l o w i n g : 
l e n g t h of h o m o g e n i s a t i o n , i on i c s t r e n g t h of e x t r a c t i n g sa l t , 
v o l u m e of e x t r a c t i n g b u f f e r pe r w e i g h t of seed, l eng th of s o l u b i l i s a t i o n 
of the homogena t e , e x t r a c t i n g sa l t , l e n g t h of soaking of the beans b e f o r e 
e x t r a c t i o n , p H of the e x t r a c t i n g b u f f e r w e r e v a r i e d s y s t e m a t i c a l l y one 
at a t i m e . I n each case the t o t a l y i e l d of enzyme a c t i v i t y was e s t i m a t e d . 
( i i ) Sa l t f r a c t i o n a t i o n . 
F r a c t i o n I ( table 20) was b r o u g h t to the c o r r e c t t e m p e r a t u r e 
and a d j u s t e d to the r e q u i r e d p H by the a d d i t i o n of a s o l u t i o n o f e i t h e r 
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K ^ H P O ^ o r K H ^ P O ^ . So l i d a m m o n i u m sulphate ( low i n heavy m e t a l s ) , 
was g r o u n d to a f i n e p o w d e r and added s l o w l y w i t h v i g o r o u s s t i r r i n g to 
b r i n g the s o l u t i o n up to the r e q u i r e d i o n i c s t r e n g t h (see D i x o n ( l 9 5 3 ) f o r 
the c o n v e r s i o n t ab les f r o m % s a t u r a t i o n to g m . / I . ) A f t e r 1 h r . e q u i l i b r a t i o n , 
the s o l u t i o n was c e n t r i f u g e d at 20, 000 x g . f o r 30 m i n . and the superna tan t 
was d e c a n t e d f r o m the r e s u l t i n g p r e c i p i t a t e . I n m e a s u r i n g the s o l u b i l i t y 
o f the e n z y m e , the supe rna tan t was assayed f o r a c t i v i t y . 
( i i i ) I o n exchange c h r o m a t o g r a p h y . 
The b i n d i n g e q u i l i b r i a w e r e d e t e r m i n e d by the f o l l o w i n g m e t h o d . 
1 g . o f w e t D E A E - c e l l u l o s e e q u i l i b r a t e d w i t h 0. 005M b u f f e r was p laced 
i n a 10 m l . c e n t r i f u g e t u b e . 9 m l . of b u f f e r and 1 m l . of enzyme 
( f r a c t i o n I I , see Tab le 23) w e r e added and m i x e d by i n v e r s i o n . A f t e r 
e q u i l i b r a t i n g f o r a set t i m e the tube was c e n t r i f u g e d and the superna tan t 
a s s a y e d . The amoun t of enzyme bound to the r e s i n was a s sumed to be 
the d i f f e r e n c e be tween the enzyme r e m a i n i n g i n the superna tan t and that 
added o r i g i n a l l y . The superna tan t was then decanted and 10 m l . of f r e s h . 
b u f f e r added , m i x e d b y i n v e r s i o n , e q u i l i b r a t e d f o r a set t i m e , c e n t r i f u g e d 
and t h e n a s s a y e d . A l l these p r o c e d u r e s w e r e c a r r i e d out at 0 ° C . To 
d e t e r m i n e the k i n e t i c s of a b s o r b t i o n the p r o c e d u r e was r epea ted and the 
t i m e o f e q u i l i b r a t i o n v a r i e d ; the changes i n b i n d i n g e f f i c i e n c y w i t h i on i c 
s t r e n g t h w e r e d e t e r m i n e d by v a r y i n g the i on i c s t r e n g t h of the b u f f e r , 
and the d i s t r i b u t i o n i s o t h e r m by v a r y i n g the c o n c e n t r a t i o n of enzyme added. 
Colximns w e r e packed by p o u r i n g a t h i c k s l u r r y of r e s i n in to the 
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c o l u m n and p a c k i n g under a head of b u f f e r . The c o l u m n s w e r e r u n at 0 C 
w i t h a head of b u f f e r of a p p r o x i m a t e l y 3 0 - 6 0 " . The r e s i n was r e g e n e r a t e d 
as d e s c r i b e d i n the W h a t m a n t e c h n i c a l b u l l e t i n I E 2 . 
The g r a d i e n t used i n g r a d i e n t e l u t i o n was p r o d u c e d by the appara tus 
d e s c r i b e d by B o c k and L i n g (1954) and was a concave e x p o n e n t i a l g r a d i e n t 




- ( C j - C^) ( 1 ^ ) ^ eq . 1. 
w h e r e C = c o n c e n t r a t i o n of e luent a f t e r v o l u m e v has f l o w e d 
V 
t h r o u g h the appara tus 
C^ = cone , i n r e s e v o i r A 
C = cone , i n r e s e v o i r B 
- t o t a l v o l u m e i n bo th c o n t a i n e r s 
P = a r e a of c r o s s s e c t i o n of. c o n t a i n e r A 
a r e a of c r o s s s ec t i on of c o n t a i n e r B 
The appara tus c o n s i s t e d of t w o d i f f e r e n t s i zed beake r s open to 
the a t m o s p h e r e and connec ted by a s i p h o n . The l a r g e r beaker f e d in to 
the c o l i i m n and con ta ined a s t i r r e r . I n t h i s case the beakers used w e r e 
4 1. ( con t a ine r B) w h i c h was f i l l e d w i t h 2 1. of 0 . 0 0 5 M b u f f e r and a 
1 1. b e a k e r (A) w h i c h con ta ined 800 m l . of 0 . 5 M b i i f f e r . The r a t i o of 
the c r o s s s e c t i o n a l a r ea s i s t h e r e f o r e 0 . 8 / 2 . 0 (P) = 0 . 4 0 . 
( i v ) H y d r o x y l apa t i t e c h r o m a t o g r a p h y . 
The b i n d i n g e q u i l i b r i a w e r e d e t e r m i n e d i n a s i m i l a r 
m a n n e r to those on D E A E (7b, ( i i i ) ) , excep t tha t the b u f f e r was phosphate 
at p H = 6 . 5 . 
The c o l u m n was packed under p r e s s u r e but was ope ra ted w i t h a 
h y d r o s t a t i c head of 6 - 1 0 " o n l y . H y d r o x y l apat i te was used at 0 ° C t h r o u g h o u t . 
(v) A l u m i n a g e l c h r o m a t o g r a p h y . 
The w e t g e l was s t i r r e d i n t o the enzyme s o l u t i o n and 
e q u i l i b r a t e d f o r 15 m i n . I t was then c e n t r i f u g e d and the superna tan t 
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a s s a y e d . F u r t h e r g e l was added u n t i l on ly 10% of the o r i g i n a l a c t i v i t y 
r e m a i n e d i n the supe rna t an t . The enzyme was then e lu ted by e q u i l i b r a t i o n 
w i t h succes s ive p o r t i o n s of b u f f e r of i n c r e a s i n g i on i c s t r e n g t h , a l l o w i n g 
15 m i n . e q u i l i b r a t i o n w i t h e v e r y p o r t i o n , and p o o l i n g those superna tants 
w h i c h con t a ined m o r e than 8% of the a c t i v i t y . The e n t i r e o p e r a t i o n was 
c a r r i e d out at 0 ° C . 
( v i ) A c r y l a m i d e g e l e l e c t r o p h o r e s i s . 
The a n a l y t i c a l g e l e l ec t rophores i s used was as d e s c r i b e d 
by O r n s t e i n and D a v i s (1962) . P r o t e i n was de tec ted by s t a in ing w i t h 
a m i d o b l a c k and d e s t a i n i n g e l e c t r o l y t i c a l l y , enzyme was loca t ed i n 
an i n c u b a t i o n m i x t u r e c o n t a i n i n g M T T - t e t r a z o l i u m . The bands of bo th 
e n z y m e and p r o t e i n s t a i n w e r e r e c o r d e d us ing a J o y c e - L o b e l c h r o m o s c a n . 
The p r e p a r a t i v e g e l e l e c t r o p h o r e s i s used was f o l l o w i n g the me thod 
of L e w i s e t_aL (1968) u s ing the Q u i c k f i t and Q u a r t z appara tus and 
r e c o r d i n g p r o t e i n e l u t i o n c o n t i n u o u s l y w i t h an I sco U . V . a n a l y s e r . 
The L . K . B . appara tus was ope ra t ed as d e s c r i b e d i n the m a n u a l 
of L . K . B . L t d . , w i t h con t inuous p r o t e i n m o n i t o r i n g us ing an I sco U . V . 
a n a l y s e r . 
( v i i ) G e l f i l t r a t i o n . 
The c o l u m n was p r e p a r e d by p o u r i n g a s l u r r y of P -300 
o r P - 1 5 0 ( p o l y a c r y l a m i d e ) i n t o the c o l u m n (150 x 2 c m . ) and pack ing under 
p r e s s u r e . The h y d r o s t a t i c head used f o r f i l t r a t i o n was 2 0 - 3 0 " . 
( v i i i ) P u r i f i c a t i o n s c h e m e . 
1 K g . o f beans w e r e soaked i n r u n n i n g tap w a t e r f o r 3 days , 
b l ended w i t h 1 1. of I M a m m o n i u m f o r m a t e f o r 4 m i n . i n a l a r g e capac i ty 
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w a r i n g b l e n d e r , and a l l o w e d to s o l u b i l i s e f o r 20 m i n . The homogenate was 
squeezed t h r o u g h one l a y e r of f i n e t e r y l e n e m e s h and c e n t r i f u g e d at 4000 x g . 
f o r 10 m i n . The r e s u l t i n g superna tan t was sub jec ted to ammon i iom sulphate 
f r a c t i o n a t i o n at 2 0 ° C and p H 6. 2 i n the m a n n e r d e s c r i b e d i n s ec t i on 
7b ( i i ) c o l l e c t i n g the 30-50% s a t u r a t i o n p r e c i p i t a t e . The p r e c i p i t a t e was 
r e - d i s s o l v e d i n a m i n i m u m v o l u m e of d i s t i l l e d w a t e r ( l a b e l l e d f r a c t i o n I 
f o r the sake of conven ience ) and d i a l y s e d aga ins t 10 1. of 0 . 0 0 5 M t r i s / C l 
p H 8 . 6 . The vol\ame of f r a c t i o n I was u s u a l l y 100-200 m l . A f t e r d i a l y s i s 
the v o l u m e had changed to 200-300 m l . and t h i s f r a c t i o n was l a b e l l e d I I . 
F r a c t i o n I I was a p p l i e d to a 60 x 4 c m . c o l u m n of D E A E / C l e q u i l i b r a t e d to 
0 . 0 0 5 M w i t h t r i s / C l a t p H 8 . 6 . The co l i zmn was deve loped w i t h a concave 
e x p o n e n t i a l g r a d i e n t (see s e c t i o n 7b ( i i i ) ) and 15 m l . f r a c t i o n s c o l l e c t e d 
u s i n g a f l o w r a t e o f 400 - 600 m l . / h r . The tubes c o n t a i n i n g enzyme 
a c t i v i t y w e r e poo led and the 40-60% s a t u r a t i o n p r e c i p i t a t e on a m m o n i u m 
sulphate f r a c t i o n a t i o n was r e - d i s s o l v e d i n the m i n i m u m v o l u m e of 
d i s t i l l e d w a t e r ( f r a c t i o n I I I ) . F r a c t i o n I I I was d i a l y s e d aga ins t 10 1. of 
0 . 0 0 5 M phosphate b u f f e r at p H 6 .5 ( f r a c t i o n I V ) . F r a c t i o n I V ( app rox . 
40 m l . ) was a p p l i e d to a 15 x 2 c m . c o l u m n of h y d r o x y l apa t i te e q u i l i b r a t e d 
w i t h 0 . 0 0 5 M phosphate a t p H 6 . 5 . The c o l u m n was deve loped i n a 
s t epwise m a n n e r by 2 - 3 c o l i i m n v o l u m e s , of phosphate b u f f e r of i n c r e a s i n g 
i o n i c s t r e n g t h . The enzyme a c t i v i t y i n the 0 . 0 6 M step was c o l l e c t e d i n 
5 m l . f r a c t i o n s at a f l o w r a t e of 10 m l . / h r . The enzyme was then 
d i a l y s e d aga ins t 10 1. of 0 . 0 0 5 M phosphate b u f f e r at p H 6 .5 ( f r a c t i o n V ) . 
F r a c t i o n V was then f r a c t i o n a t e d on a l u m i n a as d e s c r i b e d i n 4b ( v i ) . 
o 
F r a c t i o n s I I - V I w e r e a l w a y s kep t at 0 C. 
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(d) K i n e t i c s . 
( i ) P u r i f i c a t i o n of N A D . 
I n a l l k i n e t i c w o r k N A D was p u r i f i e d by the m e t h o d 
of D a l z i e l (1963) . 
( i i ) E s t i m a t i o n of i n i t i a l v e l o c i t y . 
The i n i t i a l v e l o c i t y was m e a s u r e d by f o l l o w i n g the change 
i n o p t i c a l d e n s i t y at 340 m u i n a q u a r t z cuvet te of 4 c m . l i g h t - p a t h . The 
i n c u b a t i o n m i x t u r e had a t o t a l v o l u m e of 10 m l . , con ta ined phosphate b u f f e r 
a t 100 m M , and subs t r a t e and i n h i b i t o r at the c o n c e n t r a t i o n s shown i n the 
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v a r i o u s l e g e n d s . The enzyme c o n c e n t r a t i o n was 2-4 x 10 M of f r a c t i o n V 
o 
o r V I , a l l so lu t i ons w e r e kep t i n a w a t e r ba th at 25 C w h i c h a l so c i r c u l a t e d 
w i t h i n the SP800 s p e c t r o p h o t o m e t e r . The i n i t i a l v e l o c i t y was t aken as 
the t angen t d r a w n to the i n i t i a l p o r t i o n of the cont inuous t r a c e w h i c h was 
r e c o r d e d on a V i t a t r o n c h a r t r e c o r d e r w h i c h had a f u l l scale d e f l e c t i o n of 
0 . 1 O . D . u n i t s ( 10" ) . The r e a c t i o n was s t a r t e d by a d d i t i o n of the enzyme 
(100 | j . L ) the t r a c e was begun w i t h i n 10 sec. of a d d i t i o n of the enzyme , and 
was c o n t i n u e d f o r at l e a s t 2 m i n . 
( i i i ) p H o p t i m u m . 
A s s u m i n g t h a t 200 m M H C O O H and 1 m M N A D to be 
s a t u r a t i n g c o n c e n t r a t i o n s of subs t r a t e ( a s s u m p t i o n l a t e r p r o v e d c o r r e c t , 
F i g s . 5 1 , 53^; the v e l o c i t y of the r e a c t i o n at f i x e d enzyme c o n c e n t r a t i o n was 
m e a s u r e d at d i f f e r e n t p H ' s i n 100 m M phosphate b u f f e r . 
( i v ) I n h i b i t o r s . 
The e f f e c t of v a r i o u s i n h i b i t o r s was m e a s u r e d on 
the r e a c t i o n r a t e , u s ing s a t u r a t i n g c o n c e n t r a t i o n s of s u b s t r a t e . (200 m M 
H C O O H and 1 m M N A D ) . The p H was kep t cons tan t at 6. 5 w i t h 100 m M 
phosphate b i i f f e r . 
21 
(v) s t a t i s t i c a l a n a l y s i s . 
The k i n e t i c data w e r e ana lysed by m a k i n g d i r e c t 
f i t s t o the a s s u m e d r a t e equa t ions , u s ing the s t a t i s t i c a l p r o c e d u r e of 
W i l k i n s o n ( I 9 6 l ) . To p e r f o r m the l eng thy c a l c u l a t i o n s i n v o l v e d , the 
a p p r o p r i a t e c o m p u t e r p r o g r a m m e s of C l e l a n d (1963) w e r e used on an 
I B M 3 6 0 / 6 7 c o m p u t e r . The double r e c i p r o c a l p lo t s w e r e d r a w n by 
f i t t i n g the po in t s of each l i n e to equa t ion 2 w i t h the H Y P E R c o m p u t e r 
p r o g r a m . The double r e c i p r o c a l p l o t s w e r e then inspec ted to d e t e r m i n e 
the p a t t e r n , and t hen hav ing dec ided the p a t t e r n (C le land 1963a) the 
da ta were, f i t t e d t o one o f the f o l l o w i n g equat ions (2 - 8) : 
V - V m . A 
K + A eq . 2 
V A B 
V 
V = 
K i a . K b + K a . B + K b . A + A B eq . 3 
V A 
K ( l + I / K i s ) + A eq . 4 
V A 




K ( l + I / K i s ) + A ( l + I / K i i ) e q . 6 
V A 
K ( l + I / K i ^ + I ^ / K i ^ ) + A eq . 7 
V A 
K ( l + I / K i S A + I ^ / K i S B ) + A ( l + I / K i i ) eq . 8 
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E q u a t i o n 2 i s used w h e n on ly one v a r i a b l e i s ana lysed , equa t ion 3 r e p r e s e n t s 
the i n i t i a l v e l o c i t y r a t e equa t ion f o r a s equen t i a l m e c h a n i s m , equa t ion 4 
r e p r e s e n t s c o m p e t i t i v e i n h i b i t i o n , equa t ion 5 - u n c o m p e t i t i v e i n h i b i t i o n , 
e q u a t i o n 6 - n o n c o m p e t i t i v e i n h i b i t i o n , equa t ion 7 - p a r a b o l i c c o m p e t i t i v e 
i n h i b i t i o n , equa t ion 8 S -pa ra , I - l i n , n o n c o m p e t i t i v e i n h i b i t i o n . 
( v i ) V a r i a t i o n of the m a x i m \ i m v e l o c i t y w i t h t e m p e r a t u r e . 
The m a x i m u m v e l o c i t y (V^^) was m e a s u r e d at 
d i f f e r e n t t e m p e r a t u r e s by e q u i l i b r a t i n g bo th the cons tant t e m p e r a t u r e 
h ou s i ng of the s p e c t r o p h o t o m e t e r and a l l the so lu t ions to the r e q u i r e d 
t e r n p e r a t u r e us ing the same w a t e r b a t h . A t the h ighes t t e m p e r a t u r e 
m e a s u r e d the subs t r a t e c o n c e n t r a t i o n s w e r e doubled f r o m 200 m M 
H C O O H and 1 m M N A D to 400 m M H C O O H and 2 m M H C O O H and the 
v e l o c i t y m e a s u r e d . No i n c r e a s e i n v e l o c i t y was n o t i c e d , the subs t ra te 
c o n c e n t r a t i o n s w e r e t h e r e f o r e s a t u r a t i n g . 
( v i i ) N o m e n c l a t u r e and d e r i v a t i o n of ra te and k i n e t i c equa t ions . 
The n o m e n c l a t u r e and equat ions a re those p roposed 
by C l e l a n d 1963b. F o r the sake of convenience p a r t of tha t w o r k i s 
r e p e a t e d h e r e . A and B a r e subs t r a t e s des igna ted i n the o r d e r they 
b i n d to the e n z y m e . P and Q a re p r o d u c t s des igna ted i n the o r d e r i n w h i c h 
t h e y a r e r e l e a s e d by the e n z y m e . 
i s the m a x i m u m v e l o c i t y i n the f o r w a r d d i r e c t i o n . 
V i s the m a x i m u m v e l o c i t y i n the r e v e r s e d i r e c t i o n . 
K a , K b , K p , K q a re the M i c h a e l i s cons tan ts . 
K i a , K i b , K i p , K i q a r e a l l i n h i b i t i o n cons tan t s . 
^ 2 ' ^ 3 ' r a t e cons tan ts . 
E , F r e p r e s e n t s f r e e enzyme f o r m s . 
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E A , E A B , E P Q r e p r e s e n t enzyme subs t ra te c o m p l e x e s . 
U n i , B i , T e r a re the n u m b e r of k i n e t i c a l l y i m p o r t a n t subs t r a t e s or p r o d u c t s . 
' O r d e r e d ' r e f e r s to a r e a c t i o n w h e r e the subs t r a t e s r e a c t i n an o b l i g a t o r y 
o r d e r . • 
' Sequen t i a l ' r e f e r s to r e a c t i o n w h e r e a l l the subs t ra tes m u s t b ind to the 
e n z y m e b e f o r e any p r o d u c t i s r e l e a s e d . 
R a n d o m r e f e r s to r e a c t i o n i n w h i c h t h e r e i s no o b l i g a t o r y o r d e r of a d d i t i o n 
o r r e l ea se of p r o d u c t s . 
( A A B ) , ( E P Q ) a re t r a n s i t o r y c o m p l e x e s w h i c h cannot undergo b i m o l e c u l a r 
r e a c t i o n s . 
The i n i t i a l r a t e equa t ions w e r e d e r i v e d by the m e t h o d of K i n g and 
A l t m a n (1956) and t r a n s f o r m e d in to k i n e t i c c o e f f i c i e n t s by Cle land (1963b). 
(e) M e t a b o l i c R o l e . 
( i ) P r e p a r a t i o n of m i t o c h o n d r i a . 
Beans w e r e soaked f o r t h r e e days b e f o r e the 
m i t o c h o n d r i a w e r e e x t r a c t e d by the m e t h o d of I k u m a and Bonne r (1967). 
( i i ) E s t i m a t i o n of oxygen up take . 
O x y g e n uptake was m e a s u r e d u s ing a Rank oxygen 
e l e c t r o d e at 3 0 ° C . The r e a c t i o n m e d i u m used f o r m i t o c h o n d r i a l oxygen 
uptake was tha t d e s c r i b e d by I k u m a and Bonne r (1967). The r e a c t i o n 
r a t e was c o n v e r t e d i n t o u m O p e r m i n by us ing the s o l u b i l i t y of oxygen 
i n aqueous s o l u t i o n s . 
( i i i ) G e r m i n a t i o n of Phaseo lus a u r e u s . 
The beans w e r e soaked o v e r n i g h t i n r u n n i n g tap w a t e r , 
t h e n p l a n t e d i n s m a l l wooden seed t r a y s i n John Innes N o . 1 c o m p o s t . 
G e r m i n a t i o n was con t inued under g lass w i t h n a t u r a l l i g h t i n g . 
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( i v ) E s t i m a t i o n of F o r m i c a c i d . 
F o r m i c a c i d was e s t i m a t e d by the m e t h o d of G r a n t (1948) . 
A s t a n d a r d l i n e was p r e p a r e d u s ing k n o w n amounts of a m m o n i u m f o r m a t e 
( F i g . 2 ) . 
I n e s t i m a t i n g f o r m i c a c i d i n p l a n t t i s sues the a c i d was separa ted 
u s i n g l o w t e m p e r a t u r e d i s t i l l a t i o n under r educed p r e s s u r e (Gran t 1948). 
The e f f i c i e n c y of t h i s m e t h o d was d e t e r m i n e d u s ing a k n o w n amount of 
a m m o n i i a m f o r m a t e and f o u n d to be 95-100% r e c o v e r y . 
(v) S e p a r a t i o n of o r g a n i c a c i d s . 
O r g a n i c ac ids w e r e separa ted on "Whatman N o . 3 
c h r o m a t o g r a p h y pape r u s i n g the so lven t s of S m i t h (1960) . 100 p L of 
s ample was app l i ed to each c h r o m a t o g r a m . A f t e r s e p a r a t i o n the r e s u l t i n g 
spots w e r e i d e n t i f i e d by c o m p a r i s o n of t h e i r p o s i t i o n s w i t h those of 
k n o w n a m i n o ac id s s epa ra t ed under i d e n t i c a l c o n d i t i o n s . 
( v i i ) S e p a r a t i o n of a m i n o a c i d s . 
A m i n o ac ids w e r e separa ted i n two d i m e n s i o n s on W h a t m a n 
N o . 3 c h r o m a t o g r a p h y pape r u s i n g the so lvents of S m i t h (1960). 
100 j i L . of s ample was a p p l i e d to each c h r o m a t o g r a m . 
( v i i i ) The i n v i v o i n c u b a t i o n w i t h [^ "^ cj H C O O H . 
1 g . of 3 day co ty ledons w e r e s l i c e d and incuba ted 
i n s m a l l tubes w i t h 2 m l . of phosphate b u f f e r 50 m M at p H 6. 5 and 100 u L 
r i 4 1 
of s o d i i m i f o r m a t e (44 m C i / m M ) c o n t a i n i n g 0. 1 m C i of L C j . The tubes 
w e r e kep t a t r o o m t e m p e r a t u r e i n the d a r k w i t h a s t r e a m of a i r bubbled 
ri4 T 
t h r o u g h the s o l u t i o n and t h e n l e d i n t o 5 M K O H to abso rb ]_ Cj CO^ p r o d u c e d . 
A f t e r a f i x e d p e r i o d of t i m e , co ty l edons w e r e separa ted f r o m the s o l u t i o n 
and e x t r a c t e d i n hot 80% e t h a n o l . The v o l i i m e of the e x t r a c t was r educed to 
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F i g . 2. 
Fbrmie aeid . (^g.) 
The Colt^imetric estimation of Formic acid. 
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(e) Molecular weight, 
. The molecular weight of F D H was determined by the method 
of Andrews (1965) on Sephadex G-200, equi l ibrated wi th ZOO m M phosphate 
buf fe r at pH 6 .5 . The column dimensions were 100 x 2 c m . , and i t was 
operated at a f l ow rate of 10 m l . / h r . 
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R E S U L T S 
1. The ac t iv i ty of FDH in various members of the Leguminosae. 
A large di f ference was found in the amount of enzyme ac t iv i ty that 
could be extracted f r o m the soaked seeds of cer ta in members of the 
Leguminosae (Table 2). Of those tested Phaseolus aureus was found 
to be the r iches t source, and Vic ia faba the poorest wi th 60 t imes less 
ac t iv i ty than the f o r m e r . 
Table 2. The ac t iv i ty of f o r m i c dehydrogenase in various members 
of the Leguminosae 
Species enzyme a c t i v i t y / g . d r y w t . 
Phaseolus aureus 6000 
Phaseolus coccineus 4500 
Phaseolus vulgar is 2300 
P i sum sat ivum 2300 
Lathyrus ordoratus 1400 
Arach i s hypogea 1000 
Canavalia ens i fo rmis 450 
Vic ia faba 100 
T r i f o l i \ i m alba * 
*The mucilaginous coating of this species prevented ext rac t ion . 
2. F o r m i c dehydrogenase of Phaseolus aureus . 
(a) The s tabi l i ty of enzyme ac t iv i ty , 
(i) p H . 
The enzyme was stable to pH above 5. 8, but below 5. 8 increasing 
losses i n enzyme ac t iv i ty were encountered wi th decreasing pH;at pH 5. 2 
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no ac t iv i ty could be detected (Table 3). The addition of 1 m M NAD 
increased the s tabi l i ty at pH 5.4 and 5.6 but did not change the s tabi l i ty 
at pH 5 .2 . 
( i i ) Heat. 
The ac t iv i ty of the enzyme was found to be sensitive to heat. 
A t 60°C f o r 1 minute there was l i t t l e loss of ac t iv i ty , but af ter 3 minutes 
the loss of ac t iv i ty was 100%. The addition of 1 m M NAD increased 
the s tab i l i ty at 60°C to 2 minutes w i t h a 70% loss w i t h i n 3 minutes 
(Table 4) . 
( i i i ) D i a l y s i s . 
The loss of ac t iv i ty encountered on the dialysis of f o r m i c 
dehydrogenase was affected by both the conditions of extract ion and 
d ia lys i s (Tables 5 - 1 1 ) . The greatest influence on the ac t iv i ty 
recovered af ter d ia lys is was the length of soaking of the beans before 
ex t rac t ion , and the salt used dur ing ext rac t ion and dia lys is (Tables 10, 
5 and 8). Table 11 s i immarises the maximxam var ia t ion that changes 
in the conditions of extract ions and dia lys is produced. 
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Table 3. The effect on the ac t iv i ty of FDH of 30 minutes incubation 
at various pH's 
pH % ac t iv i ty remaining 
-NAD + 1 m M NAD 
8.5 100 100 
7.5 100 100 
6.5 100 100 
5.8 100 100 
5.6 73 100 
5.4 20 57 
5.2 0 0 
The temperature was constant at 25°C. 
Table 4 . The effect on the ac t iv i ty of FDH on incubation at 
high temperatures 
Temperature (°C) Time (sec.) % ac t iv i ty remaining 
-NAD 
5 0 100 100 
50 45 100 110 
60 120 40 102 
62 180 0 75 
62 240 0 60 
The pH was constant at 6 .5 . 
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Table 5. The influence of the salt species used during extract ion 
on the recovery of enzyme ac t iv i ty af ter dia lysis 
Ext rac t ing salt . % recovery f r o m 
dialysis 
t r i s /ma l ea t e 63 
ammonium formate 60 
potassium phosphate 54 
t r i s / C l 51 
K C l 51 
d i s t i l l e d water 45 
phosphate/ci trate 43 
Table 6. The influence of the pH of the extract ing buffer on the 
recovery of enzyme ac t iv i ty af ter dia lysis 





Table 7. The influence of the ionic strength of the extracting 
b i i f f e r on the enzyme recovery af ter dialysis 
ionic strength ( M . / I . ) % recovery of d ia lys is 
4 .0 55 
2 .0 52 
1.0 50 
0.4 67 
Table 8. The influence of the buffer salt used in dialysis on the 
recovery of enzyme ac t iv i ty af ter dialysis 
bu f fe r salt used in dia lys is % recovery on dialysis 
cys te ine /HCl 84 
ammonium formate 82 
d i s t i l l e d water 78 
• NAD 74 
potassium phosphate 74 
ascorbic acid 71 
E D T A 44 
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Table 9. The influence of the pH used i n dia lys is on the recovery 









Table 10. The influence of the length of pre soaking of the beans on 
the recovery of enzyme ac t iv i ty af ter dia lysis 











Table 11 . A summary of the opt imum conditions f o r the dialysis of FDH. 
var iab le ' 
length of soaking of the beans 
ex t rac t ion salt 
ionic strength of extractant 
salt used dur ing dia lys is 
pH used dur ing ext rac t ion 
pH used dur ing dia lys is 
opt imum max. % var ia t ion 
118 h r . 37 
t r i s /ma lea te 33 
0 .4M 27 
cys te ine /HCl 17* 
6.5 16 
6.5 5 
*The effect of E D T A was unique, and is not included in estimating 
this f i g u r e . 
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(iv) Meta l ions 
The ac t iv i ty of the enzyme was found to be affected by various 
m e t a l ions over a per iod of 10 minutes . Ca^^, Cd^^, Co^^, Cu^^, 
Cr^^^ , Hg^^, Fe^^, Zn^^ , were found to cause loss of ac t iv i ty (Table 12). 
Table 12. The effect on the ac t iv i ty of FDH of incubation 
w i t h meta l ions 
Meta l conc . (M) % ac t iv i ty remaining 
af ter 10 m i n . 
Na^ 10 - ' 100 
Fe+-^+ 10-* 100 
M g ^ ^ 10-^ 100 
Mn+^ 10-^ 100 
Fe^-^ 10-2 77 
Zn++ 10-2 77 
Ca 10-2 60 
Co 10-^ 66 





(v) Low temperature storage. 
Of the var ious f o r m s of low tempera ture storage t r i e d , storage 
o 
in solut ion at 4 C w i t h added c h l o r o f o r m caused no loss of enzyme act ivi ty 
over a per iod of one week. Over longer periods storage at - 20°C was 
the most effect ive i n reducing losses of enzyme ac t iv i ty . Freeze 
d ry ing caused large losses of enzyme ac t iv i ty during the drying process 
but no losses i n ac t iv i ty occurred during storage of the d ry powder 
(Table 13). 
Table 13. The ef fec t on the ac t iv i ty of FDH of various fo rms of 
low temperature storage. 
Storage conditions period of storage 
in days 
% act iv i ty 
remaining 
4 C + 1:1000 v / v c h l o r o f o r m 
-20?C 
•20°C 
4 C + 1:1000 v / v c h l o r o f o r m 
o. 
4 C i n solution 
f reeze d ry ing 
















(b) P u r i f i c a t i o n 
(i) Ex t r ac t i on . 
A series of p i lo t extractions were c a r r i e d out under d i f f e ren t 
condit ions, and f r o m the results shown in Tables 15 - 21, i t can be 
seen that the y i e ld of enzyme act iv i ty has an opt imum w i t h respect to 
length of homogenisation; ionic strength of the extractant; volume of 
extractant used per g r a m of tissue; length of the extract ion; length of 
the soaking of the beans before extract ion; and the buffer salt . Only 
a s l ight ly greater y ie ld obtained using d i f fe ren t pH's of ext rac t ion. 
Table 14 summarises the opt imum conditions fo r the extract ion 
of enzyme ac t iv i ty f r o m soaked beans. 
Table 14. A summary of the opt imum conditions fo r the extract ion of 
enzyme ac t iv i ty f r o m pre-soaked beans 
Variable opt immn % max. var ia t ion 
in enzyme act iv i ty 
length of homogenisation 60 sees. 100 
ionic strength of extractant 4M 40 
volume of buf fe r : wt of tissue 9 38 
length of ext rac t ion 20 33 
bu f f e r salt Ammoniiam formate 26 
length of soaking 2 days 25 
pH of extract ing buf fe r 6.5 10 
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Table 15. The effect of pH of the extract ing buffer on the yie ld 









Table 16. The ef fec t of the extract ing salt on the y ie ld of 
enzyme ac t iv i ty 
y ie ld (enzyme un i t s /g . d ry w t . ) ext ract ing salt 
ammonium formate 
potassium chloride 
potass ium phosphate 
t r i s / m a l e a t e 






Table 17. The effect of the length of homogenisation on the 
y i e l d of enzyme ac t iv i ty 












Table 18. The effect of the ionic strength of ammonium formate 
on the y ie ld of enzyme ac t iv i ty 
M o l a r i t y y i e ld (enzyme u n i t s / g . d r y w t . ) 
0 3300 





Table 19. The effect of the volume of extractant used per g ram dry 
weight of tissue on the y ie ld of enzyme act iv i ty 
vol i ime of extractant y i e l d (enzyme un i t s / g . d ry w t . ) 





Table 20. The e f fec t of the length of extract ion on the y ie ld of 
enzyme ac t iv i ty 






Table 2 1 . The effect of length of soaking of the beans on the 
y i e ld of enzyme ac t iv i ty 






( i i ) Salt f r ac t iona t ion . 
The solubi l i ty of the enzyme was determined under d i f f e ren t 
conditions (Figs . 3 and 4) and the resul ts show the l inear relationship 
between the log . of the enzyme solubi l i ty and the ionic strength of ammoni\im 
sulphate, predicted by Cohn (1925). Table 22 summarises the y ie ld and 
specif ic ac t iv i ty obtained when the solubi l i ty of the enzyme is reduced by 
90% under the same conditions used in the determinat ion of the 
so lubi l i ty curves . 
Table 22. The effect of d i f f e ren t conditions of pH and temperatures 
upon the salt f rac t iona t ion of FDH 
pH temp. (°C) % y ie ld a f te r prec ip i ta t ion S.A. of ppt. 
6.2 20 72 52 
6.5 20 40 80 







Ion ic strength (moles/1 •^.) 
F i g . 3. Var ia t ion i n the s o l u b i l i t y of Formic dehydrOf^enase 
i n ammonium sulphate at 20°C» 







' Ionic strength (moles/l-:.) 
F i g . 4 . Var ia t ion i n the s o l u b i l i t y of formic dehydropienase 
i n ammoniuia sulphate at 2^C. 
The pH was adjusted to 6.5 
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( i i i ) Ion exchange chromatography. 
The kinet ics of absorbtion and desorbtion, the mixed d is t r ibu t ion 
i s o t h e r m , and the changes i n binding capacity wi th ionic strength on 
DEAE-ce l lu lose were determined f o r the enzyme under d i f f e r i n g 
conditions (Figs . 5 - 10). 
The kinet ics of absorbtion and desorbt ion show that there is l i t t l e 
qual i tat ive d i f ference between the two buffer systems (Figs . 5 & 6), 
and that 70% of the enzyme is absorbed or desorbed in 5 minutes . 
The mixed d i s t r i bu t ion isotherms in the two bixffer systems show 
d i f f e rences , both are non l inear but phosphate buffer produces an 
i s o t h e r m which is only s l ight ly curved (Figs . 7 & 8). 
The changes i n binding capacity w i t h ionic strength show l i t t l e 
d i f fe rences i n the two buf fe r systems, except fo r the higher total capacity 
found w i t h phosphate buf fe r (Figs . 9 & 10.) 
The separation of enzyme act iv i ty f r o m prote in during zonal 
separat ion of f r a c t i o n I I (see Table 23) is shown in Figures 11 and 12. 
The p u r i f i c a t i o n achieved is greater using the t r i s / c h l o r i d e buffer 
sys tem even though the t r a i l i n g of the enzyme peak is greater . The 
separation was found to be greater using gradient elution and Figure 12 
is a t yp i ca l e lut ion p r o f i l e . 
( iv) H y d r o x y l apatite chromatography. 
The kinet ics of the absorbt ion/desorbt ion of the enzyme to hydroxyl 
apatite show that although a large propor t ion of the enzyme is bound 
w i t h i n 5 minutes there is s t i l l a measurable amount of binding occurr ing 
a f te r 60 m i n . ( F i g . 14). 
The mixed d i s t r i bu t i on i so the rm ( F i g . 15;i)jis l inear and the changes 
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F i g , 5 , The k i n e t i c s of absorbtion/desorbtion of formic 
dehydrogenase on DEAE/Phosphate. 













F i g , 6. The k i n e t i c s of absorbtion/desorbtion of formic 
dehydro/^enase on DSAE/Chloride. 
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P i g . 7» The mixed d i s t r ibut ion isotherm of FDH 
on DE.AE/Chloride. 
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P i g , 8 . The mixed d i s t r i b u t i o n isotherm for FDH 
on DEjUS/Phosphate , 
















Ionic strength ( m o l e s / l : . ) 
P i g . 9. Chang:es i n the binding capacity of DEAE/phosphate 
for FDH with i on ic strength. 
pH = 6 . 5 
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Ion ic strength (mole s / l - . ) 
F i g . 10, Changes i n the binding capacity of DE.AE/Chloride 
for FDH with i on ic strength, 
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void volumes of e f f l u e n t . 
F i g , 11. The Zonal separation of f r a c t i o n I I on DEi\E/phosphate. 
The column, I5cm. x 1.5cm. was eluted vdth .OZjJJ phosphate pH 6 .5 , 
and the e f f luent co l l ec ted i n 1.5 ml fract ions with a flow rate of 
20 al/hr, ( F r a c t i o n I I , see table 23 ) . 
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void volumes of e f f l u e n t . 
F i g . 12 . The Zonal separation of f r a c t i o n I I on DEAS/Chloride. 
The column, 15 x 1,5 cm, was eluted with ,04M t r i s / c h l o r i d e pH 8,6 
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tube number. 
F i g . 13. The gradient e lut ion p r o f i l e of f rac t ion I I on 
DE.'ffl/Chloride. 
The column 60 x 4 cm, was eluted with a concave exponential gradient 
(see methods), and 15 ml f rac t ions were col lected using a Flow rate 
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F i g . 14. The k i n e t i c s of absorbtion/desorbtion of 
FPH on hvdroxyl apat i t e . 
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F i g . 15. 
cone, of enzyme i n mobile phase (uni ts /ml) 
The mixed d i s t r i b u t i o n isotherm of FDH on 
hydroxyl apat i t e . 
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The column chromatography of f r a c t i o n IV on hydroxyl apatite 
using stepwise e lut ion p ro f i l e s showed t r a i l i n g of the back edge 
of each peak (Figs . 17 and 18) as w e l l as mul t ip le zoning of enzyme 
ac t iv i ty when the ra t io of enzyme to bed volume was not co r r ec t ly 
balanced (F ig . 18). 
(v) Alumina absor^jtion chromatography 
Alumina gel was used i n a batchwise process. The enzyme was 
found to be eluted w i t h 0. 06 to 0. 10 M phosphate buffer at pH 6 .5 . 
F igure 19 shows the analysis of each por t ion of buffer f o r prote in 
and enzyme ac t iv i t y . The pu r i f i c a t i on of f r a c t i o n V was x 2 wi th a 
y ie ld of 75%. The concentration of enzyme was c r i t i c a l at this stage, 
w i t h a concentrat ion of 1500 enzyme u n i t s / m l . a y ie ld of 75% was obtained, 
w i t h a concentrat ion of 15, 000 u n i t s / m l . a y ie ld of only 40% was obtained. 
(vi) Gel f i l t r a t i o n . 
The gel f i l t r a t i o n of f r a c t i o n V I on P-150 and P-300 was found to 
y i e l d no f u r t h e r p u r i f i c a t i o n only one peak of prote in was eluted which 
coincided w i t h the emergence of enzyme ac t iv i t y . 
(v i i ) Ac ry l amide gel e lectrophoresis . 
Ana ly t i c a l disc acrylamide gel electrophoresis was pe r fo rmed on 
each stage of the p u r i f i c a t i o n scheme as a means of assessing the degree 
of p u r i t y of each stage. Figure 20 shows a typ ica l pat tern obtained fo r 
samples of f r a c t i o n V I . F rac t ion V I was estimated to be approximately 
50% pure , w i t h one m a j o r i m p u r i t y and two minor i m p u r i t i e s . 
At tempts were made to use preparat ive gel electrophoresis , as an 
aid i n p u r i f i c a t i o n , using d i f f e r e n t l y designed apparatus. One apparatus 
was manufactured by L K B L t d . , and was tested using 7. 5% gels w i th 
and without large pore gel on both bovine serum albumin V and f o r m i c 
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dehydrogenase f r a c t i o n V . In a l l cases a l l that was eluted in ?,4 h r . 
of running was the bromophenol blue marke r band. No prote:.n or 
enzyme ac t iv i ty was ever recovered. 
The second apparatus was manufactured by Quickf i t and Quartz L t d . , 
and proved p a r t i a l l y successful . On one occasion bovine 'seriim albumin 
was successful ly separated f r o m i ts i m p u r i t i e s , and the Rp values 
on the preparat ive gel f o r each component compared favourably wi th 
those obtained during analyt ical separation on the same percentage ge l . 
F igure 21 shows the separation obtained w i t h f r a c t i o n IV of f o r m i c 
dehydrogenase which was recovered i n 80% yie ld wi th a pu r i f i ca t ion 
of x4 . I t was not possible, however, to reproduce these traces each 
t i m e . In some cases a l l that was eluted was the bromophenol blue 
band. The elution c e l l was tested by passing bromophenol blue 
through i t f r o m the in le t of the elution buffer i n an attempt to f ind the 
cause of the f a i l u r e . I t was found that i n some cases the bromophenol 
blue did not cover the whole area of the base of the acylamide col imin 
and hence this can account f o r the f a i l u r e of elution of the prote in bands. 
In other cases i t was not possible to draw the bromphenol blue through 
the e lu t ion ce l l w i t h the per i s ta l t ic pump used. On checking the elution 
c e l l i t was found that i t was either blocked at the inlet w i th acrylamide 
or s i l icone grease, or i t was leaking through one of the seals. Several 
modi f ica t ions were t r i e d such as silicone rubber seals between the 
m a i n body and the elut ion c e l l as w e l l as terylene mesh to hold the 
ac ry lamide i n place; but a l l f a i l ed to remedy these r ecur r ing fau l t s . 
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F i g , 17. The stepwise e lut ion p r o f i l e of FDH from 
hydroxyl apat i t e . 
A column 2 x 12 cm, was eluted with steps of S , 30 , 60, 100 mM phosphate 
buf fer at a flow rate of 20 ml/hr co l l e c t ing 5 nil f r a c t i o n s . 
















F i g , 18. The Step^vise e lut ion p r o f i l e of FDH from 
hydroxyl a p a t i t e « 
A column 4 x 12 cms, was eluted',with increas ing steps i n ion ic strength, 
c o l l e c t i n g 5 f rac t ions at a'flow ra te of 20 ml /hr . 
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f r a c t i o n niimber 
F i g . 19. The e lut ion p r o f i l e of FDH on iaumina g e l . 
FDH ( f r a c t i o n v see table 23) was eluted batchwise with 15 ml 
portions of phosphate buffer j f l = 6.5 

















F i g . 20. Anal.ytical acrylamide gel, separation of Fraction 
7T(see table 23). 
Figure redrawn from 'Chromoscaa' trace. 
.50 







4 . 7 10 
time (hr) 
Pig,. 21. The preparative scale acrylamide gel, separation of 
EDH ( fraction T7, table 23). 
The colximn of 7*5% aczylamide (5 cm) was loaded with 100 mg. of fraction 
I V , and run i n ,005M tris /glycine buffer at 300v and 50 A with a flow, 
rate of 20 ml/hr. 5 nil, fi-actions were collected. The figure i s redrawn 
from a continuous trace of an Isco U.V. analyser. 
.50. 
enzyme 










F i g . 22, Analytical gcrylamide gel, separation of 
FDH (fraction T7 , see table 23). 
Cf 
The f i g . i s redramn from a 'Chromoscan' trace. 
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( v i i i ) P u r i f i c a t i o n scheme. 
Table 28 summarises the average results obtained using the 
p u r i f i c a t i o n schedule given in section 7b ( v i i i ) of the methods, f igures 
20 and 22 show the degree of pu r i ty of f r a c t i o n V I and IV as judged 
by acylamide gel e lec t rophores is . The f i n a l stage (VI) was estimated 
to be 55% pure . 
Table 23. Sxjmmary of the p u r i f i c a t i o n of f o r m i c dehydrogenase 
Step m g , p ro te in 








I Ex t r ac t i on 300,000 20 6.7 0 100 
30-50% (NH^)2.SO^ 27,000 14 52 8 72 
I I D ia ly s i s 27,000 11 42 6 58 
I I I DEAE-chromatography 
3,800 8. 2 220 30 43 
40-60% (NH^)^0^ 1,470 7.4 500 74 39 
IV Dia lys i s 
H y d r o x y l apatite 
960 5.2 540 80 26 
chromatography 200 3. 1 1500 220 15 
V Dia lys i s 140 2. 5 1800 270 • 12 
V I C alumina 50 1.8 3600 540 9 
The f igures represent the average of 10 pr eparations , the order 
of v a r i a t i o n on the f igures f o r f r a c t i o n V I is + 50%. 
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(d) Kine t i c s . 
(i) The pH op t imi im . 
F o r m i c dehydrogenase shows no sharp changes in the max imum 
ve loc i ty of the react ion wi th pH (F ig . 23). The curve is f l a t f r o m pH 5.8 
to pH 10.0 and the only sharp change is at pH 5. 5 which is due to 
denaturat ion of the enzyme ac t iv i ty (see section 2a (i) of the resul ts) . 
( i i ) Inhibi tor s 
Var ious known enzyme inhib i tors were found to affect the max imum 
veloc i ty of the react ion (Table 24). Sodium azide and para-ch loro-
mercuribenzoate were by f a r the most potent, inhibi t ing almost 
-6 
completely at 10 M . Cyanide and hydroxyquinoline showed significant 
inh ib i t ion but iodoacetic acid, iodoacetamide and hydroxylamine showed 
no i n h i b i t i o n . 
Table 24. The effect of enzymic inhib i tors on the max. velocity 
Inh ib i to r concentrations (M) % inhibi t ion 
p -ch lorome rcuribenzoate 10-^ 90 
10-^ 26 
sodi\im azide 10-^ 73 
8 - hyd r oxy quinoline 10-^ 66 
potassixim cyanide 1 0 - ' 60 
lodoacetic acid 1 0 - ' 0 
Hydroxylamine H C l . 1 0 - ' 0 
lodoacetamide 10-2 0 











The Variation in the maximum velocity with pH. 
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( i i i ) I n i t i a l veloci ty analysis . 
The i n i t i a l ve loc i ty patterns i n the f o r w a r d d i rec t ion are shown 
i n F igures 24 and 27. When NAD was the var iable substrate w i t h . 
d i f f e r e n t levels of HCOOH as the f ixed substrate, an intersecting patterns-
indicat ing a sequential mechanism was obtained. With HCOOH as the 
var iab le substrate and d i f f e ren t concentrations of NAD as the f ixed 
substrate an intersect ing pat tern was again foiand. The replots of the 
slopes and intercepts of the p r i m a r y data (Figs . 25, 26, 28 and 29) 
were l i nea r . The values ibfi- the Michael is constants fo r NAD and HCOOH 
(Ka and Kb) , and the dissociat ion constant fafr NAD (Kia), are s i immarised 
in Table 25, and were obtained by f i t t i n g the data to equation 2. 
V = 
K i a . Kb + Ka. B + Kb. A + A B eq. 2 
(This equation is common to a l l sequential mechanisms). 
Table 25. Average values of Ka, K ia , Kb 
Ka = 7 . 2 + l . O p M 
Kia = 4 .2 + 8 . 0 ^ M 
Kb = 1.6 + 0.3 m M 
The values are the average of three experiments, 
(iv) Product inh ib i t ion analysis . 
The product inh ib i t ion patterns are shown in Figures 30-40, 
w i t h NADH as inhib i tor and NAD as var iable substrate, competitive 
inh ib i t ion wasobtained (F ig . 30); but w i t h HCOOH as variable substrate 
the inhibit ionwasnon-competit ive (F ig . 33). The replots were a l l 
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l inear (F igs . 32, 3 4 & 3 5 ) . With H CO as inhibi tor and HCOCH as 
var iab le substrate the inh ib i t ion was competit ive (F ig . 36); and non-
competi t ive wi th NAD as the variable substrate (F ig . 38). The replots 
were a l l non-l inear (F igs . 3 7 , 3 9 and 40). 
(v) Dead end inh ib i t ion . 
Two dead end inhib i tors were used, ADPR and n i t r a t e . The 
inh ib i t i on of ADPR against NAD was found to be competitive (F ig . 4 4 ) ; 
w i t h ADPR against HCOOH non-competit ive ( F i g . 41). The replots 
were found to be l inear (F igs . 42, 4 3 & 4 5 ) . Ni t ra te was found to be 
compet i t ive wi th HCOOH and uncompetitive versus NAD (Figs . 4 6 & 48). 
The replots were both non-l inear (Figs . 4 7 and 4 9 ) . 
Table 26 s imimarises the patterns obtained fo r both product 
inh ib i t i on and dead end inh ib i t ion , w i t h the Kis and K i i values f r o m 
computer analysis summarised i n Table 2-7. 
Table 26. 
Inhib i tor 
N A D H 
NADH 
NADH 
H 3 C O 3 
ADPR 
ADPR 
Ni t ra te 
Ni t ra te . 















* non-l inear replots 


















F i g . 24. The i n i t i a l velocity analysis with NAD as the variable substrate. 
Formic acid cono. were held constant at 2.5» 5«P, 10.0, 25.0 mM. 
- 0.4 
_ L - (mM-l) 
HCOOH V ' 









Pig , 27. The i n i t i a l velocity analysis with formic acid as the variable substrate. 






F i g , 28. The secondary plot of intercept against the fixed NAD cone. 
1.2 i 
- L (mM"'') NAD ^ ^ 
F i g . 29. The secondary plot of slope against the fixed NAD cono. 
F i g . 30. The Products inhibition pattern of NADH with variable 
NAD. 
NADH levels were held const, at 0, 2,5, 5.0, lO.O^H with formate 
fixed at 2,5 niM» 
F i g . 31. The product inhibition pattern of NADH with variable 
NAD and high formate concentration. 
NADH levels were held constant at 0, 5, 12.5, 25/*. W with 
Formate fixed at lOmM, 





The secondary plot of the slopes of the NADH versus NAD 




Fig . 33. The product inhibi t ion of FDH by MDH vdth formate 
as the variable substrate. 
The levels of NADH were held constant at 0 , 2 .5, 5»0» 1 0 . 0 ^ with 
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Pig. 34. The .secondary plot of the interoept of the MADH 
versus formate product inh ib i t ion . 
NADH 
Fig* 35. The secondary plot of the slope of NADH versus formate 
product inh ib i t i on . 
HCOOH 
- 0.2 
Fig , 36. The product inh ib i t ion of FDH by bicarbonate with formate 
as the variable substrate. 
The levels of bicarbonate 
NilD f ixed at 6.l5/)kM 
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HCO. (mM) 
Fig. 37» The secondary plot of the slope of the bicarbonate 
versus fortoate product inh ib i t ion . 
1000 
1 (mM" )^ 
F ig . 38. The product inh ib i t ion of FDH by bicarbonate Tdth 
NAD as the variable substrate. 
The levels of bicarbonate were held, constant at 0 , 225 , 500 , 675 with 




Pig. 39. The secondary plot of the intercept of the bicarbonate 
. versus NAD product inh ib i t ion . 
Fig . 40. The secondary plot of the slope of the bicarbonate 
versus NAD product inh ib i t i on . 
- 0.2 
Pig. 41'. The dead end inhib i t ion of FDH by ADPR with formate as 
the variable substrate. 
The levels of ADPR were held constant at 0, 12, 24, A S w i t h 




Fig . 42. The secondary plot of the intercept of the ADHl 
versus formate dead end inh ib i t ion . 
- 30 
ADia (uM) 
Fig, 43, The secondary plot of the slope of the ADPR versus 
• 1 
formate dead end inh ib i t i on . 
- 80 
_ ^ (mM'^) 
NAD 
Fig . 2^ 4. The dead end inh ib i t ion of FDH by ADPR with NAD 
as the variable substrate. 
ADFR levels held constant at 0, 12, 24, 4 8 w i t h formate fixed at 5 niM, 
Fig . 45. The secondary plot of the slope of the ADHL versus 




Fig . 46. The dead end inh ib i t ion of FDH by nitrate with formate 
as the variable substrate. 
The ni t ra te levels were held constant at 0, 4.5, 15, 25 oM with 





- 1 . 2 5 1.25 2.5 
NO^  (mM) 
Fig . 47. The secondary plot of the slope of the ni t rate versus 
formate dead end inh ib i t ion . 
- 80 
NAD 
F i g . kB. The dead end i x i h i b i t i o n of FDH by n i t r a t e w i t h 
NAD ftfl thfl varinUe substrate. 
The n i t r a t e l eve l s were held constant at 0, ,45, 15, 25 oM wi th 
formate f i x e d SmM, 
- 1.25 1.25 2.5 
NO, (mM) 
F i g . 49. The seoondaiy p lo t of the intercept of the n i t r a t e 
versus'N.AD dead end i n h i b i t i o n . 
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Table 27, 
Inh ib i to r Var iable substrate Kis K i i 
NADH NAD 2 . 5 + 0 . 3 pM -
N A D H HCOOH 2. 1 + 0. 5 p M 10. 1 + 3. 0 ^ M 
" 2 ™ 3 NAD KisA 530 + 130 m M 445 + 48 m M 
KisB ******* 
HCOOH K i l 570 + 300 m M -
Ki2 ******* 
ADPR NAD . 12. 1 + 1, 3 yiM -
ADPR HCOOH 12. 5 + 2. 0 p M 33. 7 + 5. O ^ M 
Ni t ra te HCOOH M l 1.2 + 0.14 m M -
Ki2 6 . 3 + 1.8 m M 
Ni t ra te NAD - 0.92 + 0.04 m M 
******* Using the data of Table 26, the appropriate computer 
p r o g r a m was selected f o r each of those patterns and used to calculate 
the K i i and Kis values d i r ec t l y f r o m the p r i m a r y data. 
Computer unable to calculate value. 
(vi) The effect of ionic strength on the velocity at low 
substrate concentrations. 
The effect of ionic strength on the veloci ty at low substrate 
concentrations was found to be smal l (F ig . 50). A difference only 
became apparent at ionic strengths above 2.3 m o l e s / I . 
(v i i ) Va r i a t ion of the kinetic parameters wi th pH. 
The effect of pH was determined on the values of Ka, Kia , Kb 
(F igs . 51 , 52 & 53). The most noticeable feature i n these resul ts is the 




l on io strength (moles/l . ) 
F i g . 50* The v a r i a t i o n i n the v e l o c i t y of the react ion at low substrate 
concentrations w i t h ion ic stren/rth. 
4.0 














5.0 7.5 10.0 
F i g . 52. The changes i n pKia w i t h pH. 
1.0 
0.5 
5.0 7.5 10.0 
F i g . 53. The changes i n pKb w i t h ySl* 
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Although other points are apparent they are so smal l as to be wi th in 
the l i m i t of exper imental values fo r these constants were; Ka var ied 
f r o m 5.4 to 11.4 p M , Kb f r o m 0. 97 to 2.4 m M and Kia f r o m 16 to 110 m M . 
( v i i i ) Var i a t ion of w i t h temperature . 
A l inear relat ionship was found when the log . was plotted 
against 1/T i n °A over the range of 6°C to 40°C (F ig . 54). The 
slope of this line was ident ical f o r pH 6.0, 8. 0, 10. 0 although the y 
in tercept f o r pH 6. 0 d i f f e r e d f r o m the y intercepts fo r 8. 0 and 10.0 
which were the same. 
(ix) Attempts at measuring the equ i l i b r ium constant. 
Using various concentrations of the two substrates, the t ime taken 
to reach the half way stage to equ i l i b r ium was measured spectrophoto-
m e t r i c a l l y . I t was found (Table 28) that the only possible combination 
of concentrations that pe rmi t ted e q u i l i b r i i i m to be reached wi th in a 
f i n i t e t ime was when HCOOH was i n much la rger concentration than NAD. 
Although i t only took 20 m i n . to reach an estimated half equ i l ib r i \ im 
w i t h approx. 10 m M of both NAD and HCOOH, i t can be seen f r o m the 
progress curve (F ig . 55), that the t ime to reach equ i l i b r ium would be 
excessive. 
Unfor tunately , a large excess of HCOOH over NAD made the 
es t imat ion of the e q u i l i b r i u m constant f r o m measurements of the amount 
of HCOOH l e f t at e q u i l i b r i i i m , too inaccurate. 
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Table 28. The Tj^ values f o r reaching equ i l ib r ium 
2 . . 









Tj_ m i n . 
2 
greater than 60 
2.0 
20. 0 
greater than 600 
The pH of the react ion medium was 8.0. 
(x) Reversal of the react ion. 
The rate of incorpora t ion of j^^Cj H^CO^ into HCOOH was measured 
at two p H ' s . A t pH 8. 0 (F ig . 56) the amount of incorporat ion is very 
s m a l l and does not r e f l ec t the decrease i n optical density at 340 m u which 
was presumed to be due to the decrease of NADH. The rate of the 
backward react ion at pH 6. 3 was 6x greater and more elosely fol lowed 
the decrease at 340 m ( F i g . 56). Table 29 si immarises the i n i t i a l 
tl 4 "1 CJ incorpora t ion and spectrophoto-









F i g . 54. Thp va r i a t i on of 7^ w i t h temperature. 
The cone, of formate and NAD were f i x e d at 200 mM and 500^M respect ively. 























F i g . 55. The projayess curve of the forward reaction towards 
eou i l ib r ium. 
The l eve l s of formate and NAD i n i t i a l l y were 10 mM and 8 mid respect ively. 
The trace was redrawn from a continuous recording of an SP800 
spectrophotometer. 
pH 6.3 
pH 8.0 (x 10) 
time (minutes) 
F i g . 56. The progress curve f o r the reverse reac t ion . 
The l eve l s o f bicarbonate and NADH were 20 mM and 400^M at pH 8.0, 
and 35 mM and 400 j^i^M at pH 6.3, respect ive ly . 
4 8 
Table 29. 











rate (HCOOH) NADH 
Ji^tm/min. ^ymm /min. 
36 
710 
Ratio of f o r w a r d to backward react ion = 45, 000 pH 8. 0 
= 2, 300 pH 6. 3 
The enzyme concentration used was 6 m g . / m l . of f r ac t i on V. 
0. 1 m C i of HCOONa (44 m C i / m M ) was added to 3, 0 m l . 
1200 
1200 
(e) Metabolic Role . 
. (i) Mi tochondr ia l content of f o r m i c dehydrogenase. 
The ac t iv i ty of the enzyme was estimated i n the mi tochondr ia l 
p repara t ion and the 6000 x g. supernatant. The oxidation of succinate 
was used to test f o r mi tochondr ia l ac t iv i ty ; although the mi tochondr ia l 
p repara t ion was active i n oxidising succinate and NADH, i t was inactive 
i n the oxidation of HCOOH wi th or without either NAD or ADP (Table 30). 
The mi tochondr i a l preparat ion was subjected to osmotic shock 
and 1% dig i tonin and the resul t ing preparat ion tested fo r enzyme ac t iv i ty . 
Table 3 i gives as a percentage the p ropor t ion of enzyme i n the various 
prepara t ions . 
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Table 30 Mi tochondr ia l Oxidation 
Substrate 
None I 
8 m M succinate 
8mM succinate + 150 M ADP 
100 m M HCOOH 
i 
100 m M HCOOH + 150 M A D P 
100 m M HCOOH + 1 m M NAD 
100 m M HCOOH + 1 m M NAD + 100 g. FDH (V) 
1 m M NADH 









A l l reactions were measured at 30 C. 
Table 3 1 . The p ropor t ion of enzyme ac t iv i ty i n the various functions 
of mi tochondr ia l preparat ion 




osmotic shock 0 
1% (wt. / v . ) d igi tonin 1 
Prepara t ion 
o r i g i n a l ext ract 
6000 X g}. supernatant 
mi tochondr i a l pel let 
5 0 
( i i i ) Changes i n enzyme act iv i ty during germinat ion . 
The changes i n f o r m i c dehydrogenase (FDH), alcohol dehydrogenase 
(ADH), and malate dehydrogenase (MDH), were fol lowed during 
ge rmina t ion . The cotyledons contained the highest leve ls of a l l three 
enzymes but these levels disappeared around day 5. The leaves contained 
a f a i r l y constant l eve l of FDH and M D H without any detectable A D H . 
The shoot and root showed a decline of both FDH and A D H wi th age which 
closely fo l lowed that of the cotyledons (Figs . 57, 58 & 59). MDH on 
the other hand declined less rapid ly i n the shoot and root . The rat io of 
A D H ac t iv i ty to F D H ac t iv i ty was always about lOx greater . 
( i i i ) Changes in the content of formate during germinat ion. 
The levels of fo rmate rose to m a x i m u m on day 1 which contained 
l6 m g . /lOO g, f r e s h weight (F ig . 60). A f t e r this there is a decline un t i l 
day 5 when there is no longer any detectable amounts. I f the beans 
instead of being planted at day 1 are soaked f o r a second day the levels 
continue to r i se instead of decreasing. 44 m g . /lOO gm. f r e s h wt . was 
recorded af te r two days soaking. 
(iv) In vivo u t i l i s a t ion of f o r m i c ac id . 
W i t h i n 15 minutes 65% of the labelled formate has been oxidized to 
carbon dioxide (Table 32). None of the amino acids and organic acids 
located on the two dimensional chromatograms contained suff ic ient 
14 1 















ADH (x 2) 
FDH (jc^lO) 
0 
length o f germination (days) 
F i g . 57. The changes i n enzyme a c t i v i t y during germination 













FDH (x 20) 
5 10 
Age from soaking (days) 
Pig. 58, The changes in enzyme activity during germination 












ADH (x 10) 
FDH (x 1 
3 6 9 
Age from soaking (days) 
Fig. 59« The changes in enzyme activity during germination 





Age from soaking (days). 
Fig, 60. The changes in the formic acid content during germination. 
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Table 32. The d i s t r ibu t ion of [^ '^ c'J a f ter i n vivo incubation of 
labelled formate wi th sl iced cotyledons 
Locat ion % of o r ig ina l radioact iv i ty 
aqueous supernatant a f te r 
incubation 25 
alcoholic extract of cotyledons 10 
NaOH used f o r carbon dioxide 
absorpt ion 65 
(f.) Molecular weight . 
The elut ion voliune of FDH was 233 m l . which corresponds 
to a molecular weight of 92, 000 + 10,000 assuming an approximately 



















4.5 ^ 5.0 
log (molecular weigjit) 
5.5 
Fig. 61. The estimation of the molecular weight of FDH 
by gel filtration on sephadex &-200. 
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DISCUSSION 
P u r i f i c a t i o n 
In order to p u r i f y an enzyme, p a r t i c u l a r l y f r o m a plant source 
i n which proteins often occur i n low concentrations, i t is necessary to 
survey various plants to select the best source. For this reason a 
survey was conducted on leguminous seeds (since this f a m i l y had been 
prev ious ly shown by Davison (1949a) to be the best plant f a m i l y fo r 
this purpose). The survey was res t r i c t ed to seeds commerc ia l ly available 
in bu lk . The resul ts of this survey showed Phaseolus aureus to be 
the best source of F D H , the results of this survey agreed reasonably 
w e l l w i t h those of the past survey, (Davison 1949a) when species 
common to both were compared. 
Having selected a source, i t was purchased i n quantities large enough 
(50 K g . ) to ensure that the whole investigation could be conducted upon 
the same batch of seeds. 
The p u r i f i c a t i o n of any pro te in begins w i t h i ts extract ion into f ree 
solut ion. This is usually accomplished by mechanical d is rupt ion of the 
cel ls f r o m which the enzyme is being extracted into an aqueous bi i f fered 
salt solut ion. In this process there are a number of steps in which some 
v a r i a t i o n is possible, which would lead to a change in the amount of 
enzyme solubi l ised. For example, the degree of mechanical stress 
employed i n homogenization, the ionic species of the salt used i n 
so lubi l iza t ion , etc. , and i t has not yet proved possible to predict the 
op t imum conditions f o r the extract ion of a par t icu la r enzyme, f r o m 
ei ther theore t ica l or comparative grounds. For this reason a series 
of experiments were conducted to f i nd the opt imimi conditions of 
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ex t rac t ion when the conditions under which the enzyme was extracted 
were changed sys temat ica l ly . 'The in fo rma t ion gained i n a previous 
ex t rac t ion of F D H f r o m peas, was used i n the; design of this experiment 
- Nason and L i t t l e (1955). The results obtained (Tables 14-21) 
established the op t imum although due to cer ta in character is t ics of 
subsequent procedures, the conditions employed routinely were sl ight ly 
below the op t imum. 
In selecting p u r i f i c a t i o n procedures l i ke ly to prove useful i n the 
separation of F D H f r o m contaminating proteins , a ma jo r consideration 
was the s tabi l i ty of the enzyme ac t iv i ty to the various procedures and i n 
ce r t a in cases the s tabi l i ty of the enzyme ac t iv i ty determined under 
var ious conditions (Tables 3 - 1 2 ) was used to predic t the usefulness of 
ce r t a in procedures f o r p u r i f i c a t i o n of F D H . For example, the loss of 
ac t iv i ty observed when the enzyme was exposed to pH's below 5.6 
(Table 3) precludes the use of low pH as a f rac t ionat ing procedure. 
S i m i l a r l y the loss of enzyme ac t iv i ty observed when the enzyme was 
exposed to heat (Table 4) suggests that heat f rac t iona t ion would not 
prove ef fec t ive i n p u r i f i c a t i o n . The enzyme isolated f r o m pea, has 
also been reported to show a comparable lack of stabil i ty towards high 
temperature and low pH, Nason and L i t t l e (1957). 
Usual ly an indispensable par t of any pu r i f i c a t i on scheme is a method 
of reducing salt concentrations p r i o r to either absorption or ion exchange 
chromatography. Two methods are i n common use, dialysis and gel 
f i l t r a t i o n . In this invest igat ion gel f i l t r a t i o n was not used since impure 
preparat ions caused the column to become blocked, and i t would also 
have taken a col i imn of impract icable size to handle some of the volumes 
produced dur ing the p u r i f i c a t i o n procedure. 
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However, d i a l y s i s of FDH always caused some loss of ac t iv i ty , 
and what effects the changes i n the conditions of dialysis and extract ion 
had upon the loss of ac t iv i ty caused by d ia lys is , was investigated so 
that these losses could be kept at a m i n i m u m . I t is interest ing to 
note that the greatest effects upon the loss caused by d ia lys is , were 
produced by changes i n the extract ion conditions used, and not i n the 
subsequent dia lys is conditions (Table 11). A possible explanation could 
be that other molecular species present i n the dialysed mix tu re were 
causing loss of enzyme ac t iv i ty by the i r absorbtion to the enzyme which 
resul ted i n co=precipitation. Such absorbtions are favoured by low 
ionic strength and also d i f f e ren t ext rac t ion conditions could change 
the p ropor t ion of these molecular species i f this is in fact a cor rec t 
explanation. Other possible causes f o r this loss on dialysis could have 
been a loss of a dialysable co- fac tor f r o m the enzyme, or the possible 
denaturat ion of the enzyme at low ionic strength. No doubt the true 
cause was a combination of several e f fec t s . However, by using the 
appropriate conditions, these losses could be kept to 20%, and i t was 
not considered wor thwhi le investigating the reasons fo r i t any fur ther .^ 
Other worke r s have also repor ted a s i m i l a r loss on the dialysis of the 
pea enzyme (Davison, 1951, Nason and L i t t l e , 1955). 
A m m o n i u m sulphate f rac t iona t ion was found to be one of the most 
use fu l steps i n the p u r i f i c a t i o n procedure, achieving both an impressive 
separation of the enzyme f r o m other proteins as w e l l as reducing the 
volume of solution quite considerably. Dixon and Webb ( I 9 6 l ) discussed 
the theory behind the use of salt f rac t iona t ion i n the separation of proteins, 
They point out that the amount of p ro te in precipi tated f r o m solution by 
a given salt concentration is dependent upon the o r ig ina l concentration of 
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that p ro t e in . This means that to be able to predic t the percentage of 
p ro t e in that w i l l be salted out f r o m solution at a given salt concentration, 
i t i s necessary to know both the concentration of the pro te in and its 
so lub i l i ty at that pa r t i cu la r salt concentration. I t was f o r this reason 
that the resul ts contained i n Figures 3 & 4 were obtained and allowed the 
ca lcula t ion of the amounts of ammonitun sulphate needed to precipitate 
a given amoiint of enzyme. 
When FDH was f rac t ionated using these solubi l i ty curves under 
var ious conditions of temperature and pH, and i t was found that lowering 
the temperature at the same pH had an adverse effect on the specific 
ac t iv i ty of the f rac t ionated enzyme, without affect ing the y ie ld of enzyme 
ac t iv i ty recovered. On the other hand, lowering the pH at the same 
temperature reduced the specific ac t iv i ty but increased the y ie ld 
(Table 22). The second f rac t iona t ion c a r r i e d out at a la ter stage in the 
p u r i f i c a t i o n procedure, involved high pH; i t was decided to use low pH 
and high temperatures f o r the f i r s t ammonium sulphate f rac t iona t ion . 
I t is in teres t ing to note that the second f rac t iona t ion , although ca r r i ed 
out at high pH, d id not cause the same loss of ac t iv i ty observed i n 
s i m i l a r conditions f o r the f i r s t f r ac t iona t ion . I t would therefore appear 
that the loss of ac t iv i ty was dependent on the state of pu r i ty of the 
enzyme p r i o r to f rac t iona t ion ; the higher the state of pu r i t y , the higher 
the % y ie ld of enzyme recovered af ter f r a c t i o n a t i o n . 
Ion exchange chromatography was chosen to fo l low ammonium sulphate 
f r ac t i ona t ion i n the p u r i f i c a t i o n scheme because of i ts large capacity fo r 
p r o t e i n . The separation of proteins on DEAE-cel lu lose is brought about 
by making use of the d i f f e r en t a f f in i t i e s they show fo r the f ixed ionic groups 
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i n the ion exchanger. The a f f i n i t y any par t icu la r pro te in shows f o r DEAE 
P is a charac ter i s t ic proper ty of the ionic charges, and thei r spat:ial 
' separation wi th in the p ro te in . The separation of a mix tu re of prote in 
molecules is brought about by opposing the forces which w i l l tend to 
bind the proteins to the ion exchanger, w i t h a second force which acts 
upon the separate p ro te in species to the same degree. In this way, the 
d i f fe rence between the opposing set of forces can be used to cause 
movement of the p ro te in molecules . This movement is best thought 
of as occur r ing i n one d i rec t ion along a channel, the cross sectional 
area of which is sma l l i n comparison to i ts length. The volume of the 
channel is completely occupied by molecules of the solvent, and the 
solute, which are f r e e to:move , and also by molecules accessible to 
the solute and solvent, but which are not capable of movement (stationary 
phase). The impe l l ing forces causing movement of the solute and 
solvent are hydrodynamic, and the re tarding forces are of two kinds. 
The f i r s t are a group of forces generally acting on molecules i n 
homogeneous solut ion, molecular f r i c t i o n a l ef fects , electrostat ic and 
dipole interact ions w i t h the solvent and other solute molecules . The 
second group of re tarding fo rces , are those introduced by the interact ion 
of the solute molecules w i t h the stationary phase. Both these groups w i l l 
be charac ter i s t ic f o r each of the d i f f e ren t solute molecules , and when 
these re tarding forces reach equ i l i b r ium w i t h the impel l ing forces , a 
speci f ic molecule w i l l move at a constant speed along the channel, 
charac te r i s t i c of that molecule i n these given environmental conditions. 
The d i f f e ren t m i g r a t i o n speeds of the d i f f e ren t molecular species 
w i l l b r ing about the i r separation provided the distance of m ig ra t i on 
in the channel is adequate. There are three fundamental methods of 
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operat ion fo r the separation process depending on the i n i t i a l boundary 
conditions employed. The f i r s t is f r o n t a l analysis i n which the mix ture 
to be separated is fed continuously into the operating channel. In this 
case complete separation of the various solutes does not occur and 
the i r presence can only be detected by a series of f ron t s which i n an 
idea l case correcsponds to each of the individual solutes. This method 
has only analyt ica l applications and was not considered f u r t h e r . The 
second fundamental method of operation is that of elution analysis i n 
which the mix tu re to be separated is introduced into the operating 
channel i n a nar row zone so that i t occupies only a smal l length of the 
channel . The zone is then induced to move along the channel and the 
d i f fe rences i n re tarding forces cause the separation of the solutes. 
The essential nature of e lut ion analysis is that i n the ideal case a l l the 
components can be obtained i n the pure state. I t was fo r this reason that 
this was the only method of operation that was investigated. The t h i r d 
method of operation is that of displacement analysis which depends upon 
the re la t ionship between the rate of movement of the zone on the solute 
concentrat ion, A nar row band of the mix tu re to be separated is introduced 
into the column as i n elut ion analysis . A solution of displacing substance 
which is more s trongly absorbed than any of the components of the mix ture 
to be separated is then fed continuously into the column. This substance 
as a consequence of i ts stronger a f f i n i t y f o r the absorbent w i l l displace 
a l l the components of the mix tu re which w i l l begin to move along the 
co lumn. Each component w i l l act as a displacing agent fo r a l l other 
components of lower a f f i n i t y f o r the absorbent. Thus af ter a steady 
state has been reached a system of continuous zones w i l l move along 
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the co lumn. The length of the coli imn need only be long enough to 
reach this steady state f o r a f te r this no f u r t h e r separation occurs . 
D i s t r i b u t i o n analysis is only possible when cer ta in definite relationships 
exis t between the d i s t r ibu t ion character is t ics of the displacer and the 
displaced substances. The ul t imate resolut ion is also i n f e r i o r to elution 
analysis , so f o r these reasons i t was not considered f u r t h e r . 
Having decided upon elut ion analysis i t was necessary to determine 
the conditions best suited f o r elution of FDH f r o m DEAE-ce l lu lose . 
The ul t imate resolving power of the separation process depends upon 
the system reaching equil i lbrium throughout the column. The kinetics 
of reaching e q u i l i b r i u m are therefore essential fo r determining how 
dependent the resolut ion w i l l be on the f low rate of. the eluent through 
the co l i imn . F ig s . 5 & 6 show that the m a j o r i t y of the enzyme is 
absorbed and desorbed w i t h i n 5 m i n . Flow rates were therefore 
considered not c r i t i c a l f o r good resolut ion. The a f f in i ty of the enzyme 
f o r the column is dependent upon the ionic environment of the molecxile, 
and this is shown c l ea r ly when the effect of ionic strength is plotted 
against to ta l capacity of the res in fo r the enzyme (Figs. 9 &; 10). 
F r o m these resul ts i t can be seen that to obtain the max iminn binding 
of the enzyme to the res in i t is necessary to reduce the ionic strength 
to 5 m M . In this way a very nar row star t ing zone of enzyme on the 
coliamn is obtained and i t is the width of this starting zone upon which 
the subsequent resolu t ion achieved depends. These results also show 
that 40mM is suf f ic ien t to desorb the enzyme f r o m the r e s in . Another 
fac tor which can affect resolut ion is the shape of the d i s t r ibu t ion 
i s o t h e r m . The d i s t r i bu t ion i so therm shows the relat ionship between 
the concentrat ion of the solute at equil ibrivnn and the concentration of 
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solute absorbed to the stationery phase. In an ideal case an increase 
of the solute concentration w i l l cause a l inear increase i n the 
amoixnt of solute absorbed to the stationary phase, un t i l saturation is 
reached. Such a l inear d i s t r ibu t ion i so therm can be used to predic t 
the shape of the zone eluted during elut ion analysis. A l inear 
i so the rm w i l l give a Gaussian elution p r o f i l e but a non-linear 
i so the rm w i l l produce t r a i l i ng of one of the boundaries. This t r a i l i ng 
w i l l adversely affect the resolut ion. The d is t r ibu t ion i so therm fo r 
F D H on DEAE-ce l lu lose was found to be convex (Figs . 7 & 8). 
This is not i incommon f o r polyelectrolytes such as proteins and 
the effect of this convex i so therm is to cause the rear boundary to 
t r a i l . This t r a i l i n g can be counteracted by using an elut ion system 
of increasing ionic strength, instead of f ixed ionic strength. 
Increasing ionic strength reduces the a f f i n i t y of the pro te in f o r the 
exchanger and hence more and more pro te in is desorbed as the 
ionic strength is increased. This counterbalances the effect of the 
convex i so therm which causes less and less prote in to be desorbed 
as the concentration of the pro te in f a l l s . A concave exponential 
gradient was used as the most e f f ic ien t i n counteracting the adverse 
e f fec t of a convex d i s t r ibu t ion i so the rm. 
Two bxiffer systems were investigated, one.at pH 6.5 and the 
other at pH 8.6, and there was l i t t l e d i f ference between them which 
indicated that there were only smal l changes in the nature and 
d i s t r i bu t i on of the charged groups involved in binding the enzyme 
to DEAE over this pH range. However, the higher pH was selected 
f o r the higher p u r i f i c a t i o n that could be achieved using i t . 
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Hydroxy l apatite which was used as the t h i r d step in the 
p u r i f i c a t i o n scheme was investigated i n a s i m i l a r manner to DEAE 
and the theory discussed fo r DEAE applies equally w e l l to absorbtion 
chromatography. The kinet ics of absorbt ion/desorbt ion were ve ry 
poor and so ve ry slow rates were used i n operating this column. 
In f ac t the speed towards equ i l i b r i i im was so slow (F ig . 14) that i t 
is doubtful that even w i t h very slow f low rates, equ i l ib r i inn was 
ever reached. This can be caused in the case of large molecules by 
d i f f u s i o n being rate l i m i t i n g , and i f d i f fu s ion f r o m the stationary 
phase to the mobi le phase is slower than the reverse process i t can 
produce rear boundary t r a i l i n g . As the d i s t r ibu t ion i so therm was 
l inear i t is l i k e l y that this was indeed the case as there was excessive 
t r a i l i n g of the rear boundary. I t was f o r this reason that stepwise 
e lu t ion was employed which is even better i n reducing t r a i l i n g than 
gradient e lut ion but unfortunately, i t can introduce mul t ip le zoning 
and this ef fect is indeed seen in F i g . 18. 
A l i imina gel completed the p u r i f i c a t i o n scheme but had to be 
used i n a batchwise manner owing to i ts poor hydrodynamic proper t ies . 
The f i n a l p u r i f i c a t i o n achieved was 540 fo ld w i th a 9% y i e l d . This 
compares w i t h a 50 f o l d p u r i f i c a t i o n and a 10% yie ld that was obtained 
by Nason and L i t t l e (1955) f r o m peas. The estimated state of pu r i ty 
of this f i n a l f r a c t i o n (VI) , was 55% as judged by acrylamide gel 
e lec t rophores i s . F r ac t i on V I did not separate f u r t h e r on either 
Sephadex G 200 or polyacrylamide P-150 and P-300; and rechromatograph^ 
on D E A E only increased the specific ac t iv i ty by 50%. Polyacrylamide 
was noticeably a better r e s in f o r gel f i l t r a t i o n than Sephadex. 
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Sephadex columns had to be packed wi th great care to ensure that 
no i r r e g u l a r i t i e s occurred wi th in the column which could cause 
disturbances i n the mig ra t ing zones. Sephadex also could only 
be operated w i t h f low rates less than 10 m l . / h r . B io -Ge l (polyacrylamide), 
on the other hand packed evenly and allowed f low rates up to 40 m l . / h r . 
wi thout any of the bed shrinkages noticed when Sephadex was operated 
at high f low ra tes . 
Acry lamide gel disc electrophoresis has undoubtedly a better 
reso lu t ion i n the separation of proteins than any other single systems. 
So i t is very l i k e l y that the estimate made of the state of pur i ty of 
f r a c t i o n V I is co r rec t , and considerable additional e f f o r t was put 
into f inding ways to obtain 100% pure enzyme. Descr ip t ions of 
apparatus f o r using acrylamide gel electrophoresis on a preparative 
scale have been published over the past 5 years i n an ever increasing 
n i imber . Lewis and Glark (1963), H je r t en (1963), Joven et_al. (1964), 
Racusen and Calvanico (1964), Raymond (1964), Radharkrishnamurthy 
e t _ a L ( l 9 6 5 ) , M a i z e l (1964), Duesberg, Reuckert (1965), Hjer ten , 
et_aL (1965) and (1969), Raymond and Jordan (1966), Sulitzeanu, et a l . 
(1967), Bengt and Har les tam (1968), Groves and Sells (1968), Bront 
et_a]_. (1969) and Brownstone (1969). 
In view of the high resolut ion of acrylamide gel electrophoresis 
i t was decided to use one or two of the latest apparatus being produced 
as an addit ional step i n the pu r i f i ca t i on scheme. 
One apparatus t r i e d was that produced commerc ia l ly by L . K . B . L t d . 
I t only proved capable of eluting the bromophenol blue marke r band. 
No pro te in or enzyme ac t iv i ty was ever eluted. No reference to this 
apparatus was available i n the l i t e r a tu r e . The second apparatus 
produced c o m m e r c i a l l y by Quickf i t and Quartz L t d . , proved to be 
62 
p a r t i a l l y successful-. Enzyme act iv i ty could be recovered f r o m a 
successful experiment w i t h a 80% y i e l d . Bovine albumin was also 
separated wi th a resolut ion s imi l a r to that of an analytical ge l . 
However, the few experiments that were successful were outnumbered 
by those that f a i l e d . Three reasons were found to explain the f a i l u r e s . 
The elut ion c e l l became blocked on some occasions, the elution ce l l 
leaked on cer ta in occasions, and t h i r d l y a gap between the elution 
c e l l and the ma in body of the apparatus caused the elution buffer to 
deviate f r o m its route across the base of the gel and then to t r ave l 
around the outside of the ge l . A l l of these faults stem f r o m the way 
the elut ion c e l l is connected to the m a i n body of the apparatus. In 
the published l i t e ra tu re Lewis , Cheever and Seavey (1968), Gordon and 
Louis (1967) the diagrams of the apparatus show differences in the 
design of the elut ion chamber. It is possible that these dif ferences , 
w h i c h Qu ick f i t and Quartz c l a i m to be improvements , have i n fac t 
caused unforeseen p rob lems . This apparatus is therefore considered 
to show great p romise , only needing sl ight modif icat ions to overcome 
the faul ts which developed in the elut ion chamber. Unfortunately, 
l i m i t e d t ime did not al low any fu r the r attempts at personal 
mod i f i ca t ions . 
Having investigated i n great deta i l a l l the pu r i f i ca t ion techniques 
w h i c h have proved the most usefu l i n p u r i f y i n g s imi la r enzymes, no 
f u r t h e r attempts at the pur i f ica t ions were made. However, i t is 
l i k e l y that one f u r t h e r p u r i f i c a t i o n procedure would prove suff ic ient 
to obtain the enzyme in a pure state, w i t h yields of the order of 30 mg . / k g | 
which would represent a useful y ie ld of enzyme fo r s t ruc tura l studies. 
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K i n e t i c s 
S t u d i e s on the a c t i o n of the e n z y m e w e r e begun by u s i n g k n o w n 
e n z y m e i n h i b i t o r s a s a m e a n s of i n d i c a t i n g s o m e of the g r o u p s 
n e c e s s a r y f o r a c t i v i t y , p - c h l o r o m e r c u r i b e n z o a t e w a s the m o s t 
e f f e c t i v e i n h i b i t o r found a n d i s k n o w n to be f a i r l y s p e c i f i c f o r S H 
e n z y m e s . A z i d e , c y a n i d e a n d h y d r o x y c j u i n o l i n e a l s o p r o v e d to be 
e f f e c t i v e i n h i b i t o r s , a l l of w h i c h a r e k n o w n to c a u s e i n h i b i t i o n of 
m e t a l c o n t a i n i n g e n z y m e s . H o w e v e r , both c y a n i d e and a z i d e a r e 
k n o w n to i n h i b i t s o m e e n z y m e s w h i c h do not c o n t a i n m e t a l s . It 
i s t h e r e f o r e u n s a f e to a s s i i m e the p r e s e n c e of a m e t a l i n F D H f r o m 
s u c h i n h i b i t i o n s , e s p e c i a l l y a s N O ^ a l s o p p o v e d a n e f f e c t i v e i n h i b i t o r . 
T h e i n h i b i t i o n of N O ^ w a s due to i t s c o m p e t i t i o n H C O O H f o r a s i t e 
i n the a c t i v e c e n t r e ( F i g . 46 ) and i t i s not u n l i k e l y that a z i d e and 
c y a n i d e w h i c h a r e bo th s m a l l n e g a t i v e l y c h a r g e d ions s i m i l a r i n s i z e 
to N O ^ and H C O O H c o u l d a l s o be a c t i n g a s c o m p e t i t i v e i n h i b i t o r s of 
H C O O H a n d not a s m e t a l c o m p l e x i n g a g e n t s . S i m i l a r i n h i b i t o r s to the 
a b o v e have a l s o b e e n r e p o r t e d f o r the p e a e n z y m e , D a v i s o n (1951) 
a n d N a s o n a n d L i t t l e ( 1 9 5 7 ) . 
A n e n z y m e m e d i a t e d r e a c t i o n i n v o l v i n g two s u b s t r a t e s and two 
p r o d u c t s ( B i B i ) c a n f o l l o w t h r e e b a s i c s e q u e n c e s . A n o r d e r e d r e a c t i o n 
s e q u e n c e w h e n s u b s t r a t e A m u s t b ind to the e n z y m e b e f o r e s u b s t r a t e 
B i s a b l e to b i n d , a n d p r o d u c t P m u s t be r e l e a s e d b e f o r e p r o d u c t Q 
c a n be r e l e a s e d . T h i s s e q u e n c e c a n be g r a p h i c a l l y r e p r e s e n t e d a s 





E A E A B 
E P Q 
E Q 
A s e c o n d p o s s i b l e b a s i c s e q u e n c e ooc iars w h e n e i t h e r s u b s t r a t e 
i s c a p a b l e of b i n d i n g to the e n z y m e b e f o r e the o t h e r , or both c a n 
b i n d s i m u l t a n e o u s l y . T h i s i s c a l l e d a r a n d o m m e c h a n i s m and c a n 
be r e p r e s e n t e d a s f o l l o w s : 
T h e t h i r d s e q u e n c e o c c u r s w h e n one s u b s t r a t e b i n d s to the e n z y m e 
a n d one p r o d u c t i s r e l e a s e d f r o m the e n z y m e b e f o r e the s e c o n d s u b s t r a t e 
b i n d s to t h i s n e w e n z y m e f o r m , r e l e a s i n g the s e c o n d p r o d u c t . T h i s 
s e q u e n c e i s c a l l e d P i n g - P o n g a n d i s r e p r e s e n t e d : 
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P B Q 
E E A 
. E P 
F B 
F O 
T h e n o m e n c l a t u r e u s e d throughout i s that of C l e l a n d (1963a) 
a n d a s h o r t e n e d d e f i n i t i o n of the t e r m s u s e d i s g i v e n i n the m e t h o d s 
p a g e 2 2 . 
A l t h o u g h t h e s e t h r e e s e q u e n c e s a r e the on ly p o s s i b l e b a s i c 
s e q u e n c e s f o r a B i B i r e a c t i o n , t h e r e a r e t h r e e p o s s i b l e m o d i f i c a t i o n s 
to e a c h w h i c h m a y o r m a y not o c c u r . I s o m e r i s a t i o n of a n y of the 
e n z y m e f o r m s m a y o c c u r , o r the e n z y m e m a y f o r m d e a d end c o m p l e x e s 
w i t h s u b s t r a t e a n d p r o d u c t , s u c h a s E A P w h i c h a r e not c a p a b l e of p a r t i c i p -
a t i n g f u r t h e r i n the r e a c t i o n s e q u e n c e . It i s a l s o p o s s i b l e i n s o m e 
c a s e s that m o r e t h a n one m o l e c u l e of s u b s t r a t e or p r o d u c t adds to 
the s a m e e n z y m e f o r m . 
F o r any c o m b i n a t i o n of b a s i c s e q u e n c e and m o d i f i c a t i o n i t i s 
p o s s i b l e to d e r i v e a r a t e e q u a t i o n f o r the o v e r a l l r e a c t i o n ( K i n g and 
A l t m a n , 1956) b y a s s v u n i n g that the r e a c t i o n h a s r e a c h e d a s tate w h e r e 
the r a t e of c h a n g e of a n y of the e n z y m e f o r m s i s s m a l l i n c o m p a r i s o n 
to the r a t e of c h a n g e of the s u b s t r a t e s and p r o d u c t s (Steady s ta te 
k i n e t i c s ) . H a v i n g d e r i v e d the r a t e e q u a t i o n f o r any p a r t i c u l a r r e a c t i o n 
s e q u e n c e i t i s t h e n p o s s i b l e to t r a n s f o r m i t into a f o r m w h i c h only 
c o n t a i n s k i n e t i c c o n s t a n t s w h i c h c a n be e x p e r i m e n t a l l y m e a s u r e d 
( C l e l a n d , 1963a) i n s t e a d of r a t e c o n s t a n t s w h i c h i m m o s t c a s e s c a n 
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not be d e t e r m i n e d e x p e r i m e n t a l l y u n d e r s t e a d y state c o n d i t i o n s . 
C o m p a r i n g the k i n e t i c e q u a t i o n s it i s p o s s i b l e to p r e d i c t the e f f e c t 
of a n y one v a r i a b l e at any f i x e d l e v e l of the o ther v a r i a b l e s . If 
the c o n c e n t r a t i o n s of the p r o d u c t s a r e s e t to z e r o a l l the k i n e t i c 
e q u a t i o n s f o r B i B i m e c h a n i s m s s i m p l i f y into only two e q u a t i o n s . 
.One w h i c h i s c o m m o n to a l l P i n g - P o n g m e c h a n i s m s and the o t h e r 
w h i c h i s c o m m o n to a l l s e q u e n t i a l m e c h a n i s m s ( i . e . r a n d o m or 
o r d e r e d ) . I t i s t h e r e f o r e p o s s i b l e to d e t e r m i n e w h e t h e r a n u n k n o w n 
m e c h a n i s m i s P i n g - P o n g o r s e q u e n t i a l b y d e t e r m i n i n g the e f f e c t 
both s u b s t r a t e c o n c e n t r a t i o n s h a v e upon the v e l o c i t y of the r e a c t i o n 
i n the a b s e n c e of p r o d u c t s ( i n i t i a l v e l o c i t y a n a l y s i s ) . E x p e r i m e n t a l l y 
th i scds c a r r i e d out by p lo t t ing the v a r i a t i o n of the r e c i p r o c a l of 
the v a r i e d s u b s t r a t e c o n c e n t r a t i o n a g a i n s t the r e c i p r o c a l of the 
i n i t i a l v e l o c i t y . T h i s p lo t w i l l be l i n e a r w i t h v e r y f e w e x c e p t i o n s . * 
I f t h i s i s t h e n r e p e a t e d at d i f f e r e n t f i x e d l e v e l s of the s e c o n d 
s u b s t r a t e t h e s e l i n e s w i l l i n t e r s e c t at one po int showing a s e q u e n t i a l 
m e c h a n i s m , o r w i l l r u n p a r a l l e l to e a c h o t h e r s h o w i n g a P i n g - P o n g 
m e c h a n i s m . 
T h e r e a r e s e v e r a l w a y s of e l u c i d a t i n g the m e c h a n i s m f u r t h e r . 
It i s p o s s i b l e to u s e the o v e r a l l k i n e t i c e q u a t i o n to p r e d i c t the 
t i m e c o u r s e of the r e a c t i o n . H o w e v e r , t h i s i s the m o s t d i f f i c u l t 
m e t h o d and h a s b e e n u s e d m a i n l y f o r U n i - B i h y d r o l y t i c r e a c t i o n s . 
T e s t i n g the c o n s i s t e n c y of the e x p e r i m e n t a l l y d e t e r m i n e d 
k i n e t i c c o n s t a n t s w i t h the r e l a t i o n s h i p s that c a n be p r e d i c t e d f o r t h e m . 
A d d i t i o n of two o r m o r e m o l e c u l e s of one s u b s t r a t e to the s a m e e n z y m e 
f o r m , a n d r a n d o m m e c h a n i s m s wi thout r a t e l i m i t i n g i n t e r c o n v e r s i o n s 
both g i v e n o n l i n e a r r e c i p r o c a l p l o t s . 
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f r o m the r a t e e q u a t i o n i s t h e o r e t i c a l l y a good m e t h o d . 
I n p r a c t i c e i t i n v o l v e s the c o m b i n a t i o n of l a r g e n tambers of 
c o n s t a n t s e a c h of w h i c h m a y be i n e r r o r to s o m e d e g r e e . A s a 
r e s u l t s u c h c o m p a r i s o n s h a v e r a r e l y e n a b l e d c l e a r d i s t i n c t i o n s 
b e t w e e n m e c h a n i s m s to be m a d e . P r o d u c t i n h i b i t i o n s t u d i e s , 
h o w e v e r , w i l l d i s t i n g u i s h b e t w e e n any m e c h a n i s m w h o s e c o m p l e t e 
r a t e e q u a t i o n s h a v e d i f f e r i n g f o r m s , and i s t h e r e f o r e the m e t h o d 
w i t h the g r e a t e s t r a n g e of a p p l i c a t i o n . 
P r o d u c t i n h i b i t i o n s t u d i e s a r e c a r r i e d out e x p e r i m e n t a l l y by 
p l o t t i n g the r e c i p r o c a l of the v a r i a t i o n i n one s u b s t r a t e c o n c e n t r a t i o n , 
a t f i x e d c o n c e n t r a t i o n s of the o t h e r s u b s t r a t e and one of the p r o d u c t s , 
a g a i n s t the r e c i p r o c a l of the v e l o c i t y . T h e f i x e d c o n c e n t r a t i o n of 
the p r o d u c t i s t h e n c h a n g e d and the p r o c e s s r e p e a t e d . T h e p r o d u c t 
c a n c h a n g e the d o u b l e r e c i p r o c a l p lo t i n t h r e e w a y s . I t c a n change 
the v e r t i c a l i n t e r c e p t w i t h o u t c h a n g i n g the s lope of the l i n e . T h i s 
i n h i b i t i o n i s t e r m e d u n c o m p e t i t i v e i n h i b i t i o n ( u n c o m p . ) T h e p r o d u c t 
c a n a l t e r the s l o p e of the l i n e w i thout a l t e r i n g the v e r t i c a l i n t e r c e p t , 
t h i s i s t e r m e d c o m p e t i t i v e i n h i b i t i o n ( c o m p . ) L a s t l y , the p r o d u c t 
c a n a l t e r both the s l o p e a n d i n t e r c e p t of the l i n e , and i s t e r m e d 
n o n c o m p e t i t i v e i n h i b i t i o n ( n o n c o m p . ) I n p r e d i c t i t i g the i n h i b i t i o n 
p a t t e r n s a g i v e n m e c h a n i s m w i l l h a v e , i t i s on ly n e c e s s a r y to f o l l o w 
two f u n d a m e n t a l r u l e s : 
(a) A c o m p o u n d a f f e c t s the i n t e r c e p t of a r e c i p r o c a l p lot 
w h e n i t c o m b i n e s r e v e r s i b l y w i t h a n e n z y m e f o r m o ther t h a n the one 
the v a r i a b l e s u b s t r a t e c o m b i n e s w i t h , t h e r e b y c h a n g i n g the r e a c t i o n 
v e l o c i t y i n a m a n n e r w h i c h c a n n o t be e l i m i n a t e d w i t h the v a r i a b l e 
s u b s t r a t e . 
68 
(b) A c o m p o u n d a f f e c t s the s lope of a r e c i p r o c a l p lot w h e n 
i t a n d the v a r i a b l e s u b s t r a t e e i t h e r c o m b i n e w i t h the s a m e f o r m of 
the enzyp^e o r a r e s e p a r a t e d i n the r e a c t i o n s e q u e n c e by a s e r i e s 
of r e v e r s i b l e s t e p s a l o n g w h i c h they c a n i n t e r a c t i n s u c h a m a n n e r 
thati a c h a n g e i n the c o n c e n t r a t i o n of the c o m p o u n d s p e c i f i c a l l y 
a l t e r s the net r a t e of the s tep i n v o l v i n g the a d d i t i o n of the v a r i a b l e 
s u b s t r a t e i n a m a n n e r w h i c h c a n be e l i m i n a t e d by a c h a n g e i n the 
c o n c e n t r a t i o n of the v a r i a b l e s u b s t r a t e . R e l e a s e of a p r o d u c t at 
z e r o c o n c e n t r a t i o n o r a d d i t i o n of a s u b s t r a t e at i n f i n i t e c o n c e n t r a t i o n 
( s a t u r a t i o n ) , a r e c o n s i d e r e d i r r e v e r s i b l e s t e p s f o r p u r p o s e s of 
t h i s a n a l y s i s ( C l e l a n d , 1 9 6 3 a ) . 
U s i n g i n i t i a l v e l o c i t y a n a l y s i s a n d p r o d u c t i n h i b i t i o n a n a l y s i s the 
f o l l o w i n g c o n c l u s i o n s w e r e r e a c h e d c o n c e r n i n g the m e c h a n i s m of 
F D H . T h e i n i t i a l v e l o c i t y double r e c i p r o c a l p l o t s w e r e i n t e r s e c t i n g 
( F i g s . 24 and 27 ) , a P i n g - P o n g m e c h a n i s m c a n t h e r e f o r e be r u l e d 
out . T h e i n i t i a l v e l o c i t y of F D H i n the a b s e n c e of p r o d u c t s m u s t 
t h e r e f o r e c o n f o r m to e q u a t i o n 2 . 
V = V A B e q . 2 
K i a . K b + K a . B + K b . A + A B 
N A D H w a s c o m p . v e r s u s N A D (change i n s l o p e ) N A D and N A D H 
m u s t t h e r e f o r e b i n d to the s a m e e n z y m e f o r m . H C O ^ w a s c o m p . 
v e r s u s H C O O H , a n d so H C O ^ and H C O O H b i n d to the s a m e e n z y m e 
f o r m . N A D H w a s n o n c o m p . v e r s u s H C O O H (change i n both s lope 
a n d i n t e r c e p t ) , N A D H m u s t b i n d to a d i f f e r e n t e n z y m e f o r m to 
H C O O H but be c o n n e c t e d to the f o r m of e n z y m e to w h i c h H C O O H b i n d s 
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b y a r e v e r s i b l e s e q u e n c e . H C O ^ w a s a l s o n o n c o m p . v e r s u s N A D 
a n d so b i n d s to a n e n z y m e f o r m o t h e r t h a n the one to w h i c h N A D b i n d s , 
but the two e n z y m e f o r m s a r e r e v e r s i b l y c o n n e c t e d . I f H C O ^ and 
N A D H a r e both a c t i n g s o l e l y a s p r o d u c t i n h i b i t o r s , the on ly m e c h a n i s m 
to f i t t h e s e p r o d u c t i n h i b i t i o n p a t t e r n s i s a n o r d e r e d B i B i w i thout a 
r a t e l i m i t i n g c e n t r a l t e r n a r y c o m p l e x ( T h e o r e l l - C h a n c e m e c h a n i s m ) 
w h i c h i s s h o w n i n F i g . 6 2 . 
U n f o r t u n a t e l y , i t i s p o s s i b l e f o r p r o d u c t s to a c t both i n fte r o l e 
of p r o d u c t i n h i b i t o r s a n d a l s o a s d e a d end i n h i b i t o r s . I n the c a s e of 
s u c h m i x e d i n h i b i t i o n s the f u n d a m e n t a l r u l e s s t i l l o p e r a t e f o r both 
i n h i b i t i o n s s e p a r a t e l y so that the p a t t e r n p r o d u c e d i s the c o m b i n a t i o n 
of bo th i n h i b i t i o n s . F o r e x a m p l e : c o n s i d e r a r a n d o m m e c h a n i s m , 
p a g e 64. , ( r a p i d e q u i l i b r i u m r a n d o m ) p r o d u c t P c a n c o m b i n e to 
bo th E Q a n d E to f o r m E Q P and E P r e s p e c t i v e l y . S u b s t r a t e A a l s o 
c o m b i n e s w i t h e n z y m e E to f o r m E A so that a s both P a n d A c o m b i n e 
w i t h the s a m e e n z y m e f o r m only the s l o p e i s a f f e c t e d and i n h i b i t i o n 
p a t t e r n s a r e c o m p . A l t h o u g h P a l s o c o m b i n e s w i t h E Q , Q w o u l d be 
i n i t i a l l y at z e r o w h e n e x a m i n i n g p r o d u c t i n h i b i t i o n , t h e r e f o r e E Q i s 
i n i t i a l l y z e r o . I f , h o w e v e r , P c a n a l s o c o m b i n e w i t h E A to f o r m 
a n E A P c o m p l e x , w h i c h c a n no l o n g e r u n d e r g o f u r t h e r r e a c t i o n , it 
i s now c o m b i n i n g w i t h a n e n z y m e f o r m w i t h w h i c h A c a n n o t c o m b i n e , 
but w i t h w h i c h A i s i n r e v e r s i b l e c o n n e c t i o n t h r o u g h the c o m b i n a t i o n 
w i t h E to p r o d u c e E A . T h e e f f e c t i s t h e r e f o r e on both the s lope and 
the i n t e r c e p t . A s the s l o p e i s a l r e a d y a f f e c t e d by the c o m b i n a t i o n of 
P to E , the c o m b i n a t i o n of P to E A c o m p o u n d s the e f f e c t on the s lope 
w h i c h n o w b e c o m e s p a r a b o l i c i n n a t u r e . T h e i n t e r c e p t , h o w e v e r . 
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o n l y a f f e c t e d o n c e , r e m a i n s a l i n e a r e f f e c t . T h u s the t o t a l e f f e c t i s 
to c h a n g e a c o m p . i n h i b i t i o n into a n o n c o m p . S - p a r a , I - l i n . T o f i n d 
t h e s e p o s s i b l e n o n l i n e a r e f f e c t s , the s lope a n d i n t e r c e p t s of the 
d o u b l e r e c i p r o c a l p l o t s a r e r e - p l o t t e d a g a i n s t the f i x e d i n h i b i t o r 
c o n c e n t r a t i o n s . Of the p r o d u c t i n h i b i t i o n s on ly H C O ^ p r o v e d to be 
n o n l i n e a r . T h e c o m p i n h i b i t i o n of H C O ^ v e r s u s H C O O H w a s non 
l i n e a r so w a s the n o n c o m p v e r s u s N A D , w h i c h h a d both n o n l i n e a r 
s l o p e s a n d i n t e r c e p t s . . H C O ^ m u s t t h e r e f o r e b i n d e i t h e r to two 
s e p a r a t e e n z y m e f o r m s , o r b i n d m o r e t h a n one m o l e c u l e to the 
s a m e e n z y m e f o r m . 
T h e i n t e r p r e t a t i o n of the non l i n e a r H C O ^ i n h i b i t i o n s i s e a s i e r 
i f the s e c o n d f e a t u r e of d e a d end i n h i b i t i o n s i s d i s c u s s e d f i r s t . 
P r o d u c t s a r e not the on ly c o m p o u n d s c a p a b l e of d e a d end i n h i b i t i o n s . 
M o l e c u l e s w h i c h a r e c h e m i c a l l y s i m i l a r to the s u b s t r a t e s but w h i c h 
a r e i n c a p a b l e of u n d e r g o i n g r e a c t i o n a r e o f ten found to a c t a s d e a d 
e n d i n h i b i t o r s ! T h e i n t e r p r e t a t i o n of t h e s e i n h i b i t i o n s i s e a s i e r 
o w i n g to the f a c t that the i n h i b i t i o n s a r e , i n m o s t c a s e s , due to 
c o m b i n a t i o n of the m o l e c u l e to on ly one e n z y m e f o r m , and t h e r e f o r e 
the i n h i b i t i o n s a r e s i m p l e a n d not m i x e d i n h i b i t i o n s . T h e e f f e c t s 
of d e a d end i n h i b i t o r s c a n be p r e d i c t e d i n a s i m i l a r m a n n e r to that 
of p r o d u c t i n h i b i t i o n . F o r a r a n d o m m e c h a n i s m a d e a d end i n h i b i t o r 
b i n d i n g to the f r e e e n z y m e at the s a m e s i t e a s s u b s t r a t e A w i l l be 
c o m p w i t h A and n o n c o m p w i t h B w h i c h c a n b i n d to the E A c o m p l e x 
( i n t r o d u c i n g both i n t e r c e p t a n d s lope e f f e c t ) . F o r s i m i l a r r e a s o n s 
a d e a d end i n h i b i t o r c o m p e t i n g f o r the s a m e s i te a s B i n a r a n d o m 
m e c h a n i s m w i l l be c o m p w i t h B a n d n o n c o m p w i t h A . A n o r d e r e d 
m e c h a n i s m on the o t h e r h a n d p r o d u c e s a d i f f e r e n t p a t t e r n . A d e a d 
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e n d i n h i b i t i o n b i n d i n g to the E A c o m p l e x w i l l be u n c o m p w i t h A 
a s i n c r e a s i n g the c o n c e n t r a t i o n of A w i l l not c h a n g e the r e a c t i o n 
v e l o c i t y . ( I n the c a s e of a r a n d o m m e c h a n i s m , i n c r e a s i n g the 
c o n c e n t r a t i o n of A w o u l d h a v e the e f f e c t of c h a n g i n g the c o n c e n t r a t i o n 
of the E B c o m p l e x a n d h e n c e i n c r e a s i n g the v e l o c i t y ) . A d e a d end 
i n h i b i t o r c o m b i n i n g to the f r e e e n z y m e w o u l d be c o m p w i t h A and 
n o n c o m p w i t h B a s i n c r e a s i n g the c o n c e n t r a t i o n of B w o u l d h a v e 
the e f f e c t of d e c r e a s i n g the c o n c e n t r a t i o n of the E A c o m p l e x and 
h e n c e i n c r e a s i n g the v e l o c i t y . I t i s t h e r e f o r e the u n c o m p p a t t e r n 
of a d e a d end i n h i b i t o r c o m p e t i n g w i t h B i n a n o r d e r e d m e c h a n i s m 
w h i c h c a n be u s e d to d i s t i n g u i s h a n o r d e r e d f r o m a r a n d o m s e q u e n t i a l 
m e c h a n i s m . I t a l s o d i s t i n g u i s h e s w h i c h of the s u b s t r a t e s i s b ind ing 
to the e n z y m e f i r s t i n a n o r d e r e d m e c h a n i s m . 
I n c o n s i d e r i n g p o s s i b l e d e a d end i n h i b i t i o n s N O ^ w a s c h o s e n 
f o r i t s s i m i l a r i t y i n s i z e and c h a r g e to H C O O H . I t i n d e e d p r o v e d 
to be a d e a d e n d i n h i b i t o r c o m p e t i n g w i t h H C O O H and g i v i n g a n 
u n c o m p p a t t e r n w i t h N A D . A s e c o n d c o m p o u n d A D P R w a s c h o s e n , 
s i n c e i t i s s i m i l a r to N A D and a g a i n i t w a s p r o v e d that i t w a s i n 
f a c t a d e a d e n d i n h i b i t o r w h i c h w a s c o m p w i t h N A D and n o n c o m p 
w i t h H C O O H . T h e s e r e s u l t s t o g e t h e r w i t h the i n i t i a l v e l o c i t y 
a n a l y s i s l i m i t the c h o i c e of m e c h a n i s m f o r F D H down to a n o r d e r e d 
s e q u e n t i a l B i B i m e c h a n i s m . T h e f i r s t s u b s t r a t e (A) b ind ing be ing 
N A D , the s e c o n d ( B ) H C O O H , the f i r s t p r o d u c t r e l e a s e d ( P ) be ing 
H C O ^ , the s e c o n d ( Q ) N A D H . T h e non l i n e a r r e p l o t s of the- N O ^ 
i n h i b i t i o n c a n only be i n t e r p r e t e d a s the c o m b i n a t i o n of m o r e t h a n 
one m o l e c u l e of N O ^ to the s a m e e n z y m e f o r m . A n y m i x e d i n h i b i t i o n s 
i n v o l v i n g N O ^ w o u l d a l t e r the u n c o m p p a t t e r n to n o n c o m p . 
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C o m i n g b a c k to the i n t e r p r e t a t i o n of the p r o d u c t i n h i b i t i o n 
p a t t e r n s it i s now on ly n e c e s s a r y to c o n s i d e r t h e m i n the l i g h t of 
a n o r d e r e d s e q u e n t i a l m e c h a n i s m . T o r e c a p , the only n o n l i n e a r 
i n h i b i t i o n s w e r e t h o s e w i t h H C O ^ . T h e l e v e l s of H C O ^ n e e d e d to 
o b t a i n i n h i b i t i o n w e r e e x t r e m e l y h i g h , a n d i t i s thought e x t r e m e l y 
l i k e l y that d e a d end i n h i b i t i o n a s w e l l a s p r o d u c t i n h i b i t i o n i s 
o c c u r r i n g . A n o r d e r e d B i B i w i t h a d e a d end E A P c o m p l e x w o u l d 
g i v e S - p a r a , I - l i n , n o n c o m p of P v e r s u s B , and S - l i n I - p a r a , 
n o n c o m p P v e r s u s A . "With a p a r a b o l i c s l ope e f f e c t and only a 
l i n e a r i n t e r c e p t e f f e c t it i s j u s t p o s s i b l e that t h i s p a t t e r n c o u l d be 
d i f f i c u l t to d i s t i n g u i s h f r o m a c o m p p a t t e r n w h i c h h a s no i n t e r c e p t 
e f f e c t s . F o r t h i s r e a s o n i t i s j u s t p o s s i b l e , e v e n though the n o n c o m p 
i n h i b i t i o n of H C O ^ v e r s u s N A D a p p e a r to be I - p a r a , S - p a r a that 
the m e c h a n i s m of a c t i o n of F D H i s i n f a c t o r d e r e d B i B i w i t h a d e a d 
e n d E A P c o m p l e x . ( I n c r e a s i n g the i o n i c s t r e n g t h w i t h a m m o n i i x m 
s u l p h a t e on ly p r o d u c e d i n h i b i t i o n s at l e v e l s w a y above t h o s e p r o d u c e d 
b y H C O ^ ( P i g . 5 0 ) , so i t i s thought u n l i k e l y that a n y n o n - s p e c i f i c 
i o n i c s t r e n g t h e f f e c t s w e r e c a u s i n g a n y p a r t of t h i s i n h i b i t i o n ) . 
A n o t h e r p o s s i b l e e x p l a n a t i o n f o r the i n h i b i t i o n of H C O ^ i s 
the T h o r e l l - C h a n c e m e c h a n i s m i n w h i c h H C O ^ i s b ind ing m o r e than 
o n c e to the s a m e e n z y m e f o r m . . T h i s i s the only m e c h a n i s m to f i t 
the p r o d u c t i n h i b i t i o n p a t t e r n s a s they a r e i n t e r p r e t e d i n T a b l e 26, 
a n d i s thought the m o s t l i k e l y m e c h a n i s m . Lt i s not p o s s i b l e u s i n g 
p r o d u c t i n h i b i t i o n s t u d i e s to d e t e c t i s o m e r i s a t i o n , e x c e p t i s o m e r i s a t i o n 
of the f r e e e n z y m e i f i t h a d o c c u r r e d w o u l d p r o d u c e d i f f e r e n t 
i n h i b i t i o n p a t t e r n s to t h o s e f o u n d , and so i s thought a n u n l i k e l y 
p o s s i b i l i t y . 
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T h e T h e o r e l l - C h a n c e m e c h a n i s m h a s a un ique r e l a t i o n s h i p b e t w e e n 
the k i n e t i c c o n s t a n t s ( D a l z i e l 1957) w h i c h i s g i v e n by e q u a t i o n 17. 
V K a 
2 = 1 e q . 17. 
K i a 
K a , K i a and c a n a l l be o b t a i n e d f r o m the i n i t i a l v e l o c i t y a n a l y s i s 
i n the f o r w a r d d i r e c t i o n , but c a n o n l y c o m e f r o m a n a l y s i s of the 
r e v e r s e r e a c t i o n . A m e a s u r e of the v e l o c i t y at f i x e d s u b s t r a t e 
c o n c e n t r a t i o n s , w a s o b t a i n e d a t two p H v a l u e s ( T a b l e 26) , u s i n g a 
c o n c e n t r a t i o n of e n z y m e a p p r o x i m a t e l y 2 0 ^ . T h e s t e a d y s ta te r a t e 
e q u a t i o n s a r e on ly o b t a i n a b l e on the a s s u m p t i o n that the c o n c e n t r a t i o n 
of e n z y m e i s v e r y s m a l l c o m p a r e d w i t h that of the s u b s t r a t e s , so that 
i t w a s not p o s s i b l e to do i n i t i a l v e l o c i t y a n a l y s i s on the r e v e r s e r e a c t i o n 
a s the c o n c e n t r a t i o n of e n z y m e n e c e s s a r y to ob ta in a m e a s u r a b l e r a t e 
w a s i n the o r d e r of the s u b s t r a t e c o n c e n t r a t i o n s . I t w a s t h e r e f o r e 
not p o s s i b l e to c o n f i r m the T h e o r e l l - C h a n c e m e c h a n i s m f o r f o r m i c 
d e h y d r o g e n a s e . 
O t h e r m e t h o d s of c o n f i r m i n g the T h e o r e l l - C h a n c e m e c h a n i s m s u c h 
a s p r e - s t e a d y s ta te k i n e t i c s a n d a l t e r n a t e s u b s t r a t e k i n e t i c s r e q u i r e t 
a p u r e e n z y m e a n d so a r e a s ye t of no h e l p . 
T h e u s e of i s o t o p i c e x c h a n g e s t u d i e s w a s a l s o found to be i m p o s s i b l e 
a s the t i m e t a k e n to r e a c h e q u i l i b r i v i m w a s so s l o w , and the r e a c t i o n 
v e l o c i t y i n the r e v e r s e d i r e c t i o n w a s u n m e a s u r a b l e u s i n g the c o n c e n t r a t i o n s 
of e n z y m e n e c e s s a r y f o r s t e a d y s tate k i n e t i c s ( T a b l e 2 8 ) . 
A s s \ i m i n g the T h e o r e l l - C h a n c e m e c h a n i s m to be the one o p e r a t i n g 
f o r F D H the o v e r a l l k i n e t i c e q u a t i o n c a n be d e r i v e d by the m e t h o d s of 
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K i n g a n d A l t m a n (1956) a n d C l e l a n d (1963a) a n d i s s h o w n i n e q u a t i o n 8. 
V = ^ -
K i a K b V + K b A V + K a B V + A B V + K q V P + V P Q + K q V A P 
Ld CJ Cu L 1. J. 
K e q K e q K i a K e q 
+ K a V ^ B Q 
K i q 
e q . 8. 
F r o m t h i s e q u a t i o n c a n be d e r i v e d the e q u a t i o n s that d e s c r i b e the 
i n i t i a l v e l o c i t y a n a l y s i s a n d the v a r i o u s p r o d u c t i n h i b i t i o n s . I n the 
a b s e n c e of p r o d u c t s P = O , Q = O , e q u a t i o n 8 s i m p l i f i e s to e q u a t i o n 2 
(page 21 ) . T h e p r o d u c t i n h i b i t i o n of O i s d e s c r i b e d by e q u a t i o n 9 and 10 
w h i c h a r e d e r i v e d b y s e t t i n g P to z e r o i n e q u a t i o n 8. E q u a t i o n 9 p r e d i c t s 
c o m p i n h i b i t i o n of A v e r s u s Q , a n d e q u a t i o n 10 p r e d i c t s B i s n o n c o m p 
v e r s u s Q . 
1 / v = K a (1 + K i a K b ) ' (1 + Q ) 1 + 1 / V r i = K b ) 
K a B K i q A B e q . 9. 
1 / v = K b ( l + K i a ) ( l + Q ) 1 + 1 / V (1 + K a ) ( l + Q ) 
K i q ( l + A ) K i q ( l + A^) 
K a 
e q . 10. 
W i t h Q se t to z e r o e q u a t i o n s 11 a n d 12 a r e obta ined w h i c h p r e d i c t B ; 
c o m p w i t h P , a n d A n o n c o m p w i t h P r e s p e c t i v e l y , and r e p r e s e n t the 
i n h i b i t i o n s of H C O ^ ' ( i g n o r i n g the p a r a b o l i c e f f e c t ) . 
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1 / v = K b ( l + K i a ) ( l + P ] ] _ + J _ ( l + K a ) 
A K i p B A e q . 11 
1 / v = K a (1 + K i a K b ) ( l + P ) J _ 
K i p ( l + K a B ) A 
K i a K b 
+ 
J _ (1 + Kb_ ) ( + p ) 
V , B 
1 K i p ( l + B _ ) 
K b 
e q . 12. 
T h e d i s t r i b u t i o n e q u a t i o n s d e r i v e d by the m e t h o d of K i n g and A l t m a n 
( 1 9 5 7 ) a n d C l e l a n d ( 1963a ) f o r a T h e o r e l l - C h a n c e n i e i i h a n i s m a r e s h o w n 
i n e q u a t i o n 13 a n d 14 . 
K a j ^ p 
E / E t = K i a K b V + K e q + K a V B 
( d e n o m i n a t o r of r a t e e q u a t i o n ) e q . 13. 
K q V ^ A P V ^ P Q 
E A / E t = K b V ^ A + K i a K e q + K e q 
( d e n o m i n a t o r of r a t e e q u a t i o n ) e q . 14. 
T o o b t a i n the k i n e t i c e q u a t i o n s d e s c r i b i n g d e a d end i n h i b i t i o n s , 
a l l the t e r m s i n e q u a t i o n 8 w h i c h a l s o a p p e a r i n the n u m e c a t o x of the 
d i s t r i b u t i o n e q u a t i o n r e l a t i n g to the p r o p o r t i o n of the e n z y m e f o r m to 
w h i c h the d e a d end i n h i b i t o r b i n d s , a r e m u l t i p l i e d by the f a c t o r 
(1 + I / K i ) . 
T h u s the d e a d e n d i n h i b i t i o n of N O ^ i s d e s c r i b e d by e q u a t i o n 15 and 
l 6 . E q u a t i o n 15 p r e d i c t i n g u n c o m p i n h i b i t i o n of N O ^ v e r s u s N A D , and 
e q u a t i o n 16 the c o m p i n h i b i t i o n of N O ^ v e r s u s H C O O H . 
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1 = 1 ( K i a K b + K a ) 1 + 1_(1 + K b ) (1 + I_ 
V B A B K i ( l + B ) 
K b e q . 15. 
I = K b _ ( l + K i a ) (1 + I ) J _ + ±_{l + K a ) 
V V A K i ( l + _ A _ ) B V A e q . 16 
K i a 
T h e d e a d end i n h i b i t i o n of A D P R i s d e s c r i b e d by e q u a t i o n 17 and 
18 . E q u a t i o n 17 p r e d i c t i n g c o m p A D P R v e r s u s N A D and e q u a t i o n 18 
p r e d i c t i n g n o n c o m p A D P R v e r s u s H C O O H . 
j _ = 1 ( K i a K b + K a ) (1 + J _ ) j . + K b + j . 
v V , B K i A K B V i 
1 1 e q . 17. 
j . = K b (1 + K i a ) (1 + I ) 1 + I (1 + K a ) (1 + I i) 
V V A K i (1 + A_ B V A K i ( l + A ^ ) 
K i a K a 
e q . 18. 
T h e p r e d i c t i o n s a r r i v e d a t f r o m the e q u a t i o n s a r e of c o u r s e 
the s a m e a s those a r r i v e d at by u s i n g the two f u n d a m e n t a l r u l e s , 
a n d a s a l r e a d y s t a t e d r e s u l t s w e r e c o n s i s t e n t w i t h the p r e d i c t i o n s . 
U s i n g the a p p r o p r i a t e e q u a t i o n s the K i s a n d K i i v a l u e s c a n 
now be r e l a t e d to the v a r i o u s k i n e t i c c o n s t a n t s : 
w i t h N A D H i n h i b i t i n g a n d N A D v a r y i n g K i s = k i q 
w i t h N A D H i n h i b i t i n g a n d H C O O H v a r y i n g 
K i s = k i q ( l + a / K i a ) K i i = K i q (1 + A / K a ) 
w i t h A D P R i n h i b i t i n g and H C O O H v a r y i n g 
K i s = K i ( l + A / K i a ) K i i = K i ( l + A / K a ) 
w i t h A D P R i n h i b i t i n g a n d N A D v a r y i n g K i s = K i 
w i t h H C O ^ i n h i b i t i n g a n d H C O O H v a r y i n g ( a s s u m i n g p a r a ) 
K i ^ = K i p 
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w i t h H C O ^ i n h i b i t i n g a n d N A D v a r y i n g 
K i S A = K i p ( l + K a B / K i a K b ) K i i = K i p ( l + B / K b ) 
w i t h N O ^ i n h i b i t i n g a n d H C O O H v a r y i n g 
K i l = K i ( l + A / K i a ) 
w i t h N O 2 i n h i b i t i n g a n d N A D v a r y i n g 
K i i = K i (1 + B / K b ) 
a n d f r o m tab le 27 s o m e of the k i n e t i c c o n s t a n t s c a n be c a l c u l a t e d . 
T h e s e a r e s u m m a r i s e d i n tab le 3 3 , 
T a b l e 3 3 . A s \ i m m a r y of s o m e of t h e . v a l u e s of the k i n e t i c c o n s t a n t s 
K i n e t i c c o n s t a n t 
K i q A V Q 2 . 5 + 0. 3yuM -
K i q B V Q 1 . 2 + 0. 6 ^ 2 .1 + 0. 7y«M 
K i p B V P 1100 + 60ChM -
K i p A V P 870 + 500 m M 180 + 40 m M 
K i ( A D P R ) A D P R V A 1 2 . 1 + 1 . 3 y u M -
K i ( A D P R ) A D P R V B 9 . 6 + 2 . 5y»M 12. 5 + 3 ^ 
K i ( N O ^ ) N O 3 V A no c o m p u t e r p r o g r a m s 
K i ( N O ^ ) N O 3 V B 1 .8 + 0 . 2 ^ -
I t i s o n l y the v a l u e s of K i p w h i c h c o u l d be i n e r r o r i f e q u a t i o n 8 
d o e s not r e p r e s e n t the m e c h a n i s m of f o r m i c d e h y d r o g e n a s e . T h e 







F i g . 6 2 . T h e d i a g r a m a t i c r e p r e s e n t a t i o n of the T h e o r e l l - C h a n c e 
m e c h a n i s m 
B P 
E A B 
O 
E Q 
E A P 
F i g . 6 3 . T h e d i a g r a m a t i c r e p r e s e n t a t i o n of a n o r d e r e d B i B i 
s e q u e n t i a l m e c h a n i s m w i t h a d e a d end E A P c o m p l e x 
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T w o t r e n d s e m e r g e d w h e n the v a r i a t i o n i n some of the 
k i n e t i c cons tan ts w i t h p H was d e t e r m i n e d . and Ka r e m a i n 
e s s e n t i a l l y cons tan t , w h i l e K i a i n c r e a s e s to a m a x i m u m , K b decreases 
t o a m i n i m u m ( F i g s . 51 - 53) . D i x o n (1953) l a i d down s i m p l e r u l e s 
f o r the i n t e r p r e t a t i o n of the changes i n p K m w i t h p H , i n t e r m s 
of the p K ' s of some of the i o n i s i n g g roups i n v o l v e d i n the r e a c t i o n . 
The m a x i m u m of p K b and the m i n i m u m of p K i a co inc ide at p H 8 . 0 , 
and so i t w o u l d appear tha t t h i s r e p r e s e n t s the p K of one of the i o n i s i n g 
g r o u p s i n v o l v e d . I t i s not p o s s i b l e to r e l a t e t h i s to the i n d i v i d u a l 
p H ' s of the a m i n o ac id s due to the l a r g e v a r i a t i o n i n p K caused by the 
i n f l u e n c e of the s u r r o u n d i n g g r o u p s . H o w e v e r , the s m a l l changes 
no ted i n these k i n e t i c cons tan ts po in t s to e i t h e r a cons tancy i n the 
i o n i c e n v i r o n m e n t of the a c t i v e c e n t r e , o r tha t s e v e r a l g roups i n 
the a c t i v e c e n t r e a r e changing t h e i r i o n i c s tates so as to have 
oppos ing e f f e c t s caus ing the o v e r a l l e f f e c t to r e m a i n cons tan t . 
The a f f e c t of t e m p e r a t u r e on the m a x i m u m v e l o c i t y of the 
r e a c t i o n gave a l i n e a r p l o t of L o g . V aga ins t 1 / T . The s lopes of 
t h i s l i n e d i d not v a r y w i t h p H f r o m 6 . 0 to 10. 0 a l though the absolute 
m a g n i t u d e of the v e l o c i t y d i d . ( F i g . 54) . I n an o r d e r e d B i B i 
m e c h a n i s m the slope of t h i s p l o t g ives a va lue f o r the ene rgy of 
a c t i v a t i o n i n the steps c o n t r o l l e d by the r a t e cons tants k^ and k^ 
(page 4 6 ) . I f these r a t e cons tan ts had d i f f e r i n g t e m p e r a t u r e 
c o e f f i c i e n t s i t w o u l d have caused a b r e a k i n p l o t at a po in t when one 
of the r a t e cons tan ts became l i m i t i n g and the o ther ceased to be l i m i t i n g . 
W i t h a T h e o r e l l - C h a n c e m e c h a n i s m o p e r a t i n g , k_ w o u l d a l m o s t 
c e r t a i n l y be m u c h g r e a t e r than k^ and so no b r e a k w o u l d be expec ted 
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f r o m t h i s cause . The Q^^ and the ene rgy of a c t i v a t i o n w e r e bo th h i g h 
at 2 . 2 and 12000 c a l s . / m o l e r e s p e c t i v e l y w h i c h cou ld be a 
c o n t r i b u t i n g f a c t o r i n the l o w t u r n o v e r n u m b e r e s t i m a t e d at 120 m i n ^. 
A l t h o u g h the e q u i l i b r i u m cons tan t was neve r m e a s u r e d as the 
a p p r o a c h to e q u i l i b r i u m was so s low (Tab le 25) f r o m the m e a s u r e d 
r a t e o f the r e v e r s e r e a c t i o n t h e r e seems l i t t l e doubt tha t i t i s at 
4 
l e a s t as g r e a t as the t h e o r e t i c a l f i g u r e of 3 .5 x 10 c a l c u l a t e d by 
M a t h e w s and Venesn l and i n 1950), f r o m t h e r m o d y n a m i c data f o r 
the c h e m i c a l r e a c t i o n H C O O H + N A D = CO^ + N A D H . 
The k i n e t i c a n a l y s i s of F D H has y i e l d e d the f o l l o w i n g i n f o r m a t i o n 
c o n c e r n i n g the m e c h a n i s m of a c t i o n : 
i) The k i n e t i c m e c h a n i s m i s an o r d e r e d B i B i w i t h o u t a r a t e 
l i m i t i n g c e n t r a l t e r n a r y c o m p l e x . 
i i ) The b i n d i n g of the coenzyme i s m u c h m o r e e f f i c i e n t than tha t 
o f f o r m a t e . 
i i i ) The b i n d i n g of H C O ^ i s v e r y i n e f f i c i e n t and m o r e than one 
m o l e c u l e of H C O ^ can b i n d to the ac t i ve c e n t r e . 
i v ) ^ m u c h m o r e e f f e c t i v e subs t ra te f o r the r e v e r s e 
r e a c t i o n t han H C O ^ . 
v ) The m a x i m u m v e l o c i t y i n the f o r w a r d d i r e c t i o n was independent 
o f p H . 
v i ) The b i n d i n g of the subs t r a t e s was not g r e a t l y a f f e c t e d by p H . 
v i i ) A n i o n i s i n g g r o u p w i t h an a p p r o x . p K of 8 .0 i s i m p l i c a t e d 
i n the m e c h a n i s m . 
( v i i i ) The t u r n o v e r nvimber of the enzyme i s e x t r e m e l y s m a l l . 
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M e t a b o l i s m 
I t i s now w e l l e s t a b l i s h e d tha t some enzymes have d i s t i n c t 
and d i s c e r n a b l e l o c a l i s a t i o n s i n or on c e r t a i n of the c e l l u l a r 
o r g a n e l l e s ( C r o o k , 1959). The l o c a l i s a t i o n of enzymes leads to 
the r e s t r i c t i o n of m e t a b o l i c pa thways to c e r t a i n o r g a n e l l e s . I n 
e s t a b l i s h i n g the p o s i t i o n of an enzyme i n the m e t a b o l i s m i t i s of 
i m p o r t a n c e to d e t e r m i n e i t s l o c a l i s a t i o n w i t h i n the c e l l . T h e r e a re 
t w o bas i c me thods f o r do ing t h i s , one i n v o l v e s the f r a c t i o n a t i o n of 
the s u b c e l l u l a r c o m p o n e n t s , and the o the r h i s t o c h e m i c a l s t a in ing of 
the e n z y m e s i te i n s i t u . The f i r s t m e t h o d has been a p p l i e d to the 
l o c a l i s a t i o n of F D H i n p l an t s by S m i l l i e (1955), Dav ie s (1956) and 
M a z e l i s (1960), L innane & S t i l l (1955), who r e p o r t e d tha t the enzyme 
was l o c a l i s e d p r e d o m i n a n t l y i n the m i t o c h o n d r i a l f r a c t i o n . I t 
w a s t h e r e f o r e s u r p r i s i n g tha t u s i n g P . au reus no enzyme cou ld 
be de t ec t ed i n m i t o c h o n d r i a i s o l a t e d by the m e t h o d of I k u m a and Bonner 
(196iZ^) w h i c h was deve loped e s p e c i a l l y f o r t h i s t i s s u e . A g a i n , 
u s i n g the m e t h o d of M a z e l i s (1960), no enzyme cou ld be de tec ted i n 
the m i t o c h o n d r i a l f r a c t i o n . These e x p e r i m e n t s w e r e r epea ted 
s e v e r a l t i m e s u s ing v e r y gent le d i s r u p t i o n of the c e l l s but each 
t i m e the r e s u l t s w e r e the s a m e . 
de Duve (1964) has d i s c u s s e d i n d e t a i l the p r i n c i p l e s and 
l i m i t a t i o n s of enzyme l o c a t i o n by t h i s m e t h o d . He po in t s out tha t 
i t i s p o s s i b l e f o r e n z y m e s to be l a t en t , i n w h i c h case w h i l e i n 
t h e i r na t i ve s ta te , i n t e g r a t e d i n the p a r t i c u l a t e m a t r i x , they a re 
i n a c c e s s i b l e to subs t r a t e s and t h e r e f o r e do not show t h e i r f u l l 
a c t i v i t y . D e t e c t i o n o f these l a t en t enzymes i n v o l v e s some m e t h o d 
of e x p o s i n g the e n z y m e . H o w e v e r , t h i s was u n l i k e l y to be the case 
w i t h F D H f r e e P . au reus as t h e r e was so m u c h enzyme a l r e a d y 
i n s o l u t i o n . 
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A second p o s s i b i l i t y o c c u r s when the enzyme i s so l o o s e l y 
a t t a c h e d to a p a r t i c l e tha t the f o r c e n e c e s s a r y to d i s r u p t the c e l l , 
i s enough to cause the de t achmen t of the e n z y m e f r o m the p a r t i c l e . 
T h i s i s c e r t a i n l y a p o s s i b l e exp l ana t i on f o r the r e c o v e r y of F D H 
f r o m P . au reus i n the supe rna t an t . A t h i r d poss ib l e p i t f a l l of t h i s 
m e t h o d i s that i t i s p o s s i b l e f o r an enzyme to become detached 
f r o m i t s o r i g i n a l p a r t i c l e d u r i n g d i s r u p t i o n and then become f i r m l y 
bound to a second type of p a r t i c l e . I n i n t e r p r e t i n g the d i s t r i b u t i o n 
of e n z y m e s a m o n g s t v a r i o u s i s o l a t e d s u b c e l l u l a r f r a c t i o n s these 
p o s s i b l e o c c u r r e n c e s m u s t be kep t f i r m l y i n m i n d . 
A second m e t h o d of enzyme l o c a l i s a t i o n has been app l i ed to 
F D H f r o m P r o t e u s v u l g a r i s by N e r m u t and Rye (1964) who used the 
e l e c t r o n m i c r o s c o p e to de tec t the r e g i o n s of a dye that had been 
r e d u c e d b y the l o c a l i s e d a c t i o n of F D H , and f o u n d the si te of a c t i o n 
to be the c y t o p l a s m i c m e m b r a n e . M o s t of the evidence a v a i l a b l e 
t h e r e f o r e po in t s to the p a r t i c u l a t e l o c a l i s a t i o n of F D H i n one m a n n e r 
o r a n o t h e r . I n the case of P . au reus F D H , h o w e v e r , i t s a t t achmen t 
to an o r g a n e l l e , i f any , m u s t be v e r y l o o s e . 
F o r m i c a c i d has been r e p o r t e d i n pota toes by Stoklase et a l . 
(1907) and i n V i g n a Sesqu ipeda l i s by Y a m a m o t o (1954). A l t h o u g h 
the q u a n t i t a t i v e changes d u r i n g g e r m i n a t i o n we r e not d i s c u s s e d . 
I n P h a s e o l u s au reus the r a p i d d i sappearance o f F D H f r o m the 
s e e d l i n g d u r i n g g e r m i n a t i o n ( F i g . 57) suggests tha t the m a i n m e t a b o l i c 
f u n c t i o n of F D H i s c o n c e r n e d w i t h the f i r s t f e w days of g e r m i n a t i o n . 
T h i s a s s u m p t i o n i s s u p p o r t e d by the e q u a l l y r a p i d changes i n the 
f o r m i c a c i d conten t o f the g e r m i n a t i n g seed l ing ( F i g . 60) . B o t h 
the e n z y m e and i t s subs t r a t e a r e c o n c e n t r a t e d w i t h i n the c o t y l e d o n s . 
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The b i o c h e m i c a l changes a c c o m p a n y i n g g e r m i n a t i o n a r e n u m e r o u s , 
but one f a c t c l e a r l y e m e r g e s , and tha t i s the anaerob ic na tu re of the 
c a r b o h y d r a t e m e t a b o l i s m d u r i n g the f i r s t two days b e f o r e the r o o t 
p i e r c e s the t e s t a . The ra te of c a r b o n d i o x i d e output and oxygen 
uptake bo th i n c r e a s e w i t h g e r m i n a t i o n , E v e n a r i _ e t al_. (1955), 
H a l v o r s o n (1956) , Spragg and Y e m (1959) , Hacke t t (1959), Seances (1966) 
and J ames (1953), and r e m o v a l of the seed coat g r e a t l y a c c e l e r a t e s 
the i n c r e a s i n g r a t e of c a r b o n d i o x i d e output and oxygen uptake 
Seances (1966) , showing tha t the b a r r i e r of the seed coat c o n t r i b u t e s 
t o w a r d s the c r e a t i o n o f the anae rob ic c o n d i t i o n s under w h i c h the seed 
beg ins to g e r m i n a t e . T h i s s i t u a t i o n changes once the seed coat i s 
p i e r c e d by the g e r m i n a t i n g s e e d l i n g . L i k e w i s e the m e t a b o l i s m of 
g lucose p r o c e e d s v i a g l y c o l y s i s w i t h the end p r o d u c t s a l c o h o l or l a c t a t e , 
d u r i n g the f i r s t f e w d a y s , and on ly i n l a t e r stages of g e r m i n a t i o n does 
the T C A c y c l e b e g i n to f u n c t i o n (Legga t , 1948), S tumph (1952), 
Oota e t_a l . (1956), H a t c h and T u r n e r (1958), B a r t e l s (1960) . B o t h the 
l e v e l s o f a l c o h o l and l ac t a t e i n pea seedl ings r e a c h a m a x i m u m on day 
one, and t h e n q u i c k l y f a l l o f f , Coss ins and T u r n e r (1959), Coss ins (1964) . 
I n pea seed l ings at the stage w h e n the l e v e l s of bo th a l c o h o l and lac ta te 
a re n o r m a l l y f a l l i n g Coss ins (1962, 1964), showed tha t these seedl ings 
pos se s sed the a b i l i t y t o u t i l i s e i n v ivo , a l c o h o l and l ac t a t e , i n c o r p o r a t i n g 
these compounds i n to k e t o , c a r b o x y l i c and a m i n o a c i d s . I t w o u l d 
appear t h e r e f o r e tha t a f t e r the i n i t i a l p e r i o d of anaerob ic f e r m e n t a t i o n , 
the p r o d u c t s of t h i s f e r m e n t a t i o n a r e m e t a b o l i s e d back i n t o the m a i n 
p a t h w a y s of the o r g a n i s m , w h e n the seed coat i s b r o k e n , and the 
oxygen i s a v a i l a b l e f o r n o r m a l o x i d a t i v e r e s p i r a t i o n . The s i m i l a r i t y 
be tween the p r o d u c t i o n of a l c o h o l and l ac ta te i n pea seedl ings and the 
84 
p r o d u c t i o n of f o r m a t e i n P . aureus seedl ings i s s t r i k i n g . I t i s 
t h e r e f o r e l i k e l y tha t the p r o d u c t i o n of f o r m i c a c i d d u r i n g g e r m i n a t i o n 
i s caused by the a n a e r o b i c c o n d i t i o n s p r e v a i l i n g i n the f i r s t day o r two of 
g e r m i n a t i o n . T h i s i s suppo r t ed by the i n c r e a s e i n f o r m i c a c i d 
w h i c h can be p r o d u c e d i f the seed l ings a r e sub jec ted to c o n t i n u i n g 
a n a e r o b i c c o n d i t i o n s . 
The pa thways i n v o l v e d i n t h i s p r o d u c t i o n of f o r m i c a c i d w e r e not 
d e t e r m i n e d , h o w e v e r t h e r e a r e t h r e e enzymes capable of p r o d u c i n g 
f o r m a t e under anae rob i c c o n d i t i o n s i n o ther o r g a n i s m s . P y r u v a t e 
p h o s p h o r o c l a s t a s e , K a l n i t s k y and W e r k m a n (1943), w h i c h s p l i t s p y r u v a t e 
to y i e l d f o r m i c a c i d and ace t i c a c i d ; oxala te d e c a r b o x y l a s e Jakoby et a l ^ 
(1956) , w h i c h d e c a r b o x y l a t e s oxa l i c a c i d to y i e l d c a r b o n d i o x i d e 
and f o r m i c a c i d and N ^ ^ - f o r m y l t e t r a h y d r o f o l a t e deacy lase , p r o d u c i n g 
f o r m i c a c i d and t e t r a h y d r o f o l i c a c i d , Osborn_et a L (1957) . 
The f a t e of the f o r m i c a c i d p r o d u c e d was i n v e s t i g a t e d and found 
to be a l m o s t e n t i r e l y o x i d i s e d to c a r b o n d i o x i d e (Tab le 32) . Other 
pa thways a r e k n o w n to be capable of u t i l i s i n g f o r m a t e , Coss ins , 
S inhar (1965) , u s ing v a r i o u s p l an t s showed tha t f o r m a t e c o u l d be 
u t i l i s e d i n s e v e r a l syn the t i c r e a c t i o n s , e s p e c i a l l y in to the p r o d u c t i o n 
of s e r i n e and m e t h i o n i n e . H o w e v e r , these au tho r s a l so r e p o r t tha t 
the i n c o r p o r a t i o n i n t o s e r i ne was g r e a t e r under anaerob ic c o n d i t i o n s . 
I t t h e r e f o r e seems l i k e l y tha t apa r t f r o m the s m a l l amount of f o r m i c 
a c i d w h i c h m a y be i n b i o s y n t h e t i c pa thways v i a T H F , the a c i d i s 
m a i n l y o x i d i s e d to c a r b o n d i o x i d e p r o d u c i n g N A D H , w h i c h can e i t h e r 
be r e - o x i d i z e d v i a the e l e c t r o n t r a n s p o r t c h a i n o r be used f o r p r o v i d i n g 
r e d u c i n g p o w e r i n o the r l i n k e d r e a c t i o n s . To s i m i m a r i z e , f o r m i c a c i d . 
i s p r o d u c e d i n the f i r s t day of g e r m i n a t i o n i n a s i m i l a r m a n n e r to lac ta te 
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and e t h a n o l , when l a r g e l y anae rob ic cond i t i ons p r e v a i l . U n l i k e 
e t h a n o l and l ac ta te w h i c h a re l a t e r shunted back i n to the m e t a b o l i s m , 
f o r m i c a c i d f o r some r e a s o n i s l a r g e l y o x i d i z e d to c a r b o n d i o x i d e , 
and o n l y a s m a l l pe rcen tage used i n v a r i o u s b io syn the t i c p a t h w a y s . 
A l t h o u g h these f i n d i n g s a p p a r e n t l y pose m o r e quest ions than 
they s o l v e , they r e p r e s e n t an advance on the on ly o ther i n v e s t i g a t i o n 
i n t o the r o l e of F D H i n p l a n t s , D a v i s o n (1949b), i n tha t the p r o d u c t i o n 
and uses o f f o r m i c a c i d hawe been s tud ied i n a d d i t i o n to the changes 
i n e n z y m e l e v e l s . T h i s p r e v i o u s w o r k i n v e s t i g a t e d the p o s s i b l e 
' d i s m u t a t i o n s ' tha t c o u l d o c c u r be tween F D H and o ther dehydrogenases , 
and showed tha t g l u t a m a t e dehydrogenase was e a s i l y l i n k e d to F D H , 
i n d i c a t i n g a p o s s i b l e m e c h a n i s m f o r l i n k e d r e a c t i o n us ing the r educ ing 
p o w e r of N A D H . 
F u r t h e r w o r k i s needed to f i n d w h i c h enzymes a re r e s p o n s i b l e f o r 
the p r o d u c t i o n of f o r m i c a c i d , w h y f o r m i c a c i d i s p r o d u c e d under 
a n a e r o b i c c o n d i t i o n s , and w h y f o r m i c a c i d i s o x i d i s e d to c a r b o n 
d i o x i d e i n p r e f e r e n c e to o the r p o s s i b l e syn the t i c p a t h w a y s . 
The d e c l i n e i n the l e v e l s of the enzyme i n the co ty ledons i s not 
thought t o r e p r e s e n t any economy m e a s u r e on the p a r t of the p l an t , as 
bo th a l c o h o l and m a l a t e dehydrogenase a l so d e c l i n e . The m o s t l i k e l y 
e x p l a n a t i o n f o r bo th these d e c l i n e s i s tha t they a re due to the senescence 
of the c o t y l e d o n s . 
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